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ABSTRACT
The Effects of Various Inlet Distortion Profiles on Transonic Fan Performance
Andrew Michael Bedke
Department of Mechanical Engineering, BYU
Master of Science
An increased understanding of how inlet flow distortion affects transonic fans enables improved fan design and performance prediction. Inlet distortion refers to non-uniformities in the
incoming flow properties. Complex inlet ducts in high performance aircraft result in distorted flow
at the fan inlet. In this thesis, two studies were performed using Unsteady Reynolds-Averaged
Navier Stokes (URANS) simulations.
The first study focused on understanding how the transition abruptness between the clean
and distorted sector in the inlet Pt profile as well as the circumferential extent of the distorted sector
affect distortion transfer and generation through a transonic fan. Simulations on two main distortion sector sizes were carried out. For each sector size, variants with decreasing levels of transition
abruptness were applied to the inlet of fan. Simulations were conducted at various operating points,
ranging from choke to near-stall. Fourier-based distortion descriptors were used to quantify levels
of distortion transfer and generation at various axial locations. It is shown that variations in rotor
incidence occur as a result of the applied Pt distortion at the inlet. A less abrupt transition diminishes the local extrema in rotor incidence, which in turn reduces the amount of distortion transfer
and generation through the rotor. The near-stall condition is affected most of all operating points
considered, with a 23.4% average reduction in the amount of distortion transfer at any span. The
size the inlet distorted sector affects the amount of distortion transfer and generation, particularly
at the near-stall operating point. This is shown to be due to the dynamic response of the fan.
The second study compared the mechanisms of stall inception for cases of both clean and
distorted inlet flow. In each instance, the mechanism of stall inception is shown to be interactions
between the detached bow shock and the tip clearance vortex. These interactions result in the
formation of two vortices within the blade passage. The location and strength of these vortices
affect the LE spillage in the adjacent blade rows. Stall inception occurs when the bow shock
has moved far enough upstream to allow the resultant vortices from shock/tip clearance vortex
interaction to pass in front of the leading edge. When inlet distortion is present, mass redistribution
upstream of the fan results in variations in rotor incidence. Within the high incidence region, the
bow shock is detached 3.9%-8.1% chord more than the clean inlet case, making LE spillage more
severe. The rotating stall cell grows out of the stalled passages present at the near-stall operating
point and ultimately extends 180° circumferentially and 18.7% span radially. Understanding the
effects of distortion on the mechanisms of stall inception will allow appropriate steps to be taken
to extend the stable operating range of modern commercial and high performance fans.

Keywords: inlet distortion, URANS, distortion transfer, distortion generation, stall inception
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CHAPTER 1.

INTRODUCTION

Understanding the effects of inlet distortion on jet engine performance will enable researchers and designers to produce distortion tolerant engine fans and inlet systems for both commercial and high performance applications. In the commercial sector, novel aircraft configura-

Figure 1.1: Novel aircraft configurations for commercial flight. Top: Aurora D8 (image from [1]).
Middle: SAX-40 Silent Aircraft (image from [2]). Bottom: Boeing BWB (image from [3])
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tions, such as the SAX-40 silent aircraft [26], the Aurora D8 [27], and the Boeing blended wing
body [28], all shown in Fig.1.1, offer the potential of significantly lowering the specific-fuel consumption of the engine while also reducing harmful emissions such as CO2 and NOx [29]. In
these configurations, the engine is moved from the traditional under-the-wing location and instead
positioned to ingest a significant portion of the airframe’s boundary layer, thereby reducing the
overall momentum deficit and drag of the aircraft [30]. While these novel configurations offer
potential benefits in specific-fuel consumption, they require the engine fan to operate continuously
with severe amounts of inlet distortion [31]. Engines in high-performance aircraft likewise are
required to operate with distortion present. This is caused by the complex inlet ducts, which conduct the air to the engine embedded within the aircraft fuselage. These ducts often have aggressive
curves which cause a total pressure deficit in a section of the incoming flow. Other sources of inlet
distortion in high-performance aircraft include aggressive flight maneuvers, ingestion of missile
exhaust, or ingestion of hot gas when performing vertical take-off or landing (VTOL) procedures.
The viability of the novel aircraft configurations as well as the continued improvement of high
performance aircraft is dependent on whether the effects of inlet distortion on engine performance
can be adequately understood and predicted.
Inlet distortion refers to a non-uniform distribution in the incoming fluid properties. There
exist three main types of inlet distortion: total pressure (Pt ), total temperature (Tt ), and swirl.
Examples distortion profiles are shown in Fig. 1.2. The profile on the left is a typical distortion

Figure 1.2: Sample inlet distortion profiles. Left: a typical profile experienced by a boundary layer
ingesting engine [4]. Right: a Pt distortion profile resultant from an s-duct diffuser [5].
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Figure 1.3: Example effect of inlet distortion on the pressure rise characteristic of a fan or compressor.

profile experience by a boundary layer ingesting engine and is described by a vertical variation
in axial velocity. The lowest velocity (and consequently Pt ) occurs at the bottom of the annulus,
where the boundary layer is located. The other distortion profile is typical of the Pt distribution
resultant from complex inlet ducts and is characterized by a 90° distorted sector centered at top
dead center which extends over all spans.
One aspect of inlet distortion research focuses on describing distortion transfer and generation. Distortion transfer refers to the propagation of the inlet distortion through the stages of the
fan or compressor and is typically described by Pt . As a result of the applied distortion, the local
blade incidence varies, causing variations in the local work performed on the fluid. This is known
as distortion generation and is typically measured in terms of swirl and Tt .
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The presence of distortion significantly affects the performance of a fan stage. To illustrate
this, Fig. 1.3 shows an example of a pressure rise characteristic for cases of both clean (no distortion present) and distorted inlets. For any characteristic, there is a design operating point and a stall
point. Stall occurs when there is significant separation on the rotor blades, to the extent that the
rotor can no longer do work on the fluid. As a result, there is significant flow reversal throughout
the fan as well as the engine. It is extremely dangerous for an engine to operate in stall due to the
excessive vibrations and low thrust generation. For these reasons, a fan stage is operated a safe
distance from the stall point. The distance between the operating point and the stall point is known
as the stall margin. Figure 1.3 shows that when distortion is present, the pressure rise of the stage
at all operating points is reduced and the stall margin is decreased. Understanding the interaction
between distortion and a fan geometry allows for design of more distortion tolerant fans, as well
as more accurate prediction of the fan and engine performance.
Distortion research can be carried out using both experimental and numerical approaches.
Experiments yield highly accurate data which provide insight into the underlying flow physics.
However, the spatial detail of the data is limited by the fact that too much instrumentation may
disrupt the flow. Experimental apparatus are also expensive to operate and are limited in the distortion patterns that can be tested. Alternatively, computational fluid dynamics (CFD) has been
demonstrated to accurately model distortion transfer and generation [32, 33]. Use of CFD can provide great detail of the flow and a limitless amount of distortion patterns can be tested. However,
numerical approaches can be time consuming and typically require the use of supercomputers.
Furthermore, the computational domain must be set up carefully to ensure that the solution is
physically realistic. It should also be recognized that while the use of CFD may not accurately
predict the magnitudes of desired field functions, the trends are typically captured.
Using CFD, Soderquist et al. [34] investigated how distortion transfer and generation varied in a transonic fan at operating points ranging from near-stall to choke. He proposed that the
gradient between the undistorted and distorted sections in the inlet Pt profile (similar to that seen
on the right of Fig.1.2) influences the amount of distortion transfer and generation in the fan stage.
A less-abrupt gradient or transition should reduce the induced swirl and therefore the amount of
distortion transferred and generated. Orme et al. [5] investigated this hypothesis near the design
operating point. He concluded that a less-abrupt gradient in the inlet Pt profile reduced the swirl
4

magnitude at the boundaries of the distorted sector. It was here that the greatest reductions in
distortion transfer and generation were observed.
The purpose of this thesis is to build upon the work of Soderquist [34] and Orme [5] and
further investigate how the inlet Pt gradient affects transonic fan performance. This research will
quantify the benefits of a less-abrupt gradient in the distortion profile which will indicate to inlet
duct designers the desired distortion profiles to be achieved at the aerodynamic interface plane
(AIP). The flow physics underlying the observed trends will be investigated. In addition, this
thesis aims to understand how the presence of distortion affects the mechanisms of stall inception
in a transonic fan. A greater understanding of the mechanisms of stall inception when distortion
is present will indicate appropriate solutions to extend the stable operating range of the fan when
distortion is present. These purposes will be achieved by completing the following objectives.
• Analyze results from various full-annulus URANS simulations of the PBS Rotor 4 transonic
fan at operating conditions ranging from near-stall to choke. At each operating point, two
sets of three distortion profiles will be applied at the inlet, with increasingly smoother transitions between the undistorted and distorted sectors. The impact that a less-abrupt gradient
in the Pt inlet profile has at each operating point will be investigated and quantified, as well
as the underlying flow physics.
• Investigate the mechanisms of stall inception in the PBS Rotor 4 transonic fan. Stall inception will be simulated for cases of both clean and distorted inlet. The flow physics associated
with stall for a clean inlet will be investigated and compared to those presented in the literature. A similar analysis will be conducted for a distorted inlet to understand how distortion
affects stall inception in the fan.
This thesis will proceed in the following manner. First, a literature review will provide
relevant background information. Next, the methodology employed to accomplish each research
objective will be outlined. Results from the transition abruptness and stall inception studies will
then be presented. These chapters will largely be composed from conference publications by the
author [35, 36]. The thesis will then conclude with a review of the major findings of each study
and recommendations for future work.
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CHAPTER 2.

BACKGROUND

Background information relevant to this thesis topic is presented in this chapter. This includes sources of inlet distortion, impacts of inlet distortion, describing distortion, fan or compressor stall, mechanisms of stall inception, and effects of distortion on stall inception.

2.1

Sources of Inlet Distortion
In the early days of jet engines, research focused on the turbomachine itself and the effects

of a non-uniform inlet were not a major concern. Generally, uniform conditions were assumed at
the inlet of the engine, as this simplified the analysis and allowed for multiple design iterations.
For the relatively simple engines of the early days, this uniform inlet assumption was sufficient.
However, as engine complexity and breadth of application increased, it became imperative to adequately account for the effects that a non-uniform or distorted inlet had on engine performance.
Inlet distortion primarily refers to variations in the total pressure (Pt ), total temperature (Tt ),
and swirl at the inlet to a jet engine. Pt and Tt are measures of the static and dynamic components
of pressure and temperature, respectively. Swirl is a measure of the tangential flow angle and aids

Figure 2.1: Swirl is the measure of the angle between the velocity vector and the axial direction.
Knowing the swirl helps quantify the bulk rotation of a flow.
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Figure 2.2: Uniform or clean (left) and distorted (right) Pt inlet profiles. The boundary layer at the
edge of each profile is not considered as distortion.

in quantifying bulk rotation within a flow. This is illustrated in Fig.2.1, which shows that swirl is
defined as the angle between the velocity vector and the axial direction.
Figure 2.2 is shown to illustrate the difference between a clean and distorted inlet profile.
Shown is a Pt distortion, though a variation in any of the above named parameters constitutes
distortion. Whereas there is no spatial variation in Pt for the clean inlet, such a variation does exist
for the distorted profile. In this example, the distorted is concentrated in a sector, which is typical
of profiles at the exit of s-duct diffusers, as will be described later. The boundary layer, which is
seen around the edge of the profile in both profiles, is not considered distortion.
Cousins [10] provides an excellent overview of many causes of inlet distortion in current
aircraft. His work will be summarized in the rest of this section, supplemented with work from
other researchers. Though this review is not vital to understanding the research herein presented,
it will demonstrate why inlet distortion research is relevant to modern aircraft design.
The placement of the engine close to the fuselage, illustrated in Fig. 2.3, is a common cause
of distortion in commercial aircraft. The motivation for this placement of the engine is that doing
so reduces the momentum deficit of the aircraft, thereby reducing the overall drag and improving
7

Figure 2.3: Engines located close to the fuselage often encounter Pt resultant from ingestion of the
airframe boundary layer. Image credit: Top [6]. Bottom [7].

the engine specific fuel consumption [29, 30]. However, at the rear of the fuselage, the airframe
boundary layer has grown to cause significant vertical variation in the Pt distribution, as was shown
in Fig. 1.2. These boundary layer ingesting (BLI) engines are at the center of many next generation
aircraft configurations [26–28].
In high-performance aircraft, Tt distortion is also an issue. This distortion generally results
from the ingestion of exhaust gases from fired weapons or from flying in close formation. In both
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Figure 2.4: Ingestion of exhaust gases resultant from vertical take-off and landing (VTOL) maneuvers causes Tt distortion within the engine. Image credit [8].

cases, the hot gases are sucking into the engine and cause in a region of higher temperature at the
engine inlet. As illustrated in Fig. 2.4, exhaust gases can also enter the engine by reflecting off the
ground during vertical take-off or landing (VTOL) as well.
Inlet distortion also results when the engine is embedded within the aircraft fuselage [37,
38]. When this is done, air is directed to the engine via a system of inlet ducts. Often, these inlet
ducts are complex and have aggressive curves, which causes boundary layer separation and a Pt
distortion to form at the interface with the engine, such as what is illustrated in Fig. 2.5. These
types of distortion patterns are used in the research presented in this thesis.
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Figure 2.5: The aggressive curves present in complex inlet ducts results in boundary layer separation and a Pt distortion at the interface with the engine. The low Pt region is illustrated by the
yellow and green region at the bottom of the duct.

2.2

Impacts of Inlet Distortion
Beginning in the 1960’s, it was recognized that variations in the inlet total pressure had

an effect on engine performance. Research into this issue resulted in parallel compressor theory,
which was developed by Pearson and McKenzie [39]. Parallel compressor theory proposes that
when Pt distortion is present, the overall compression system can be treated as two compressors
working in parallel, each operating with uniform flow that corresponds to either the undistorted or
distorted sector of the original compressor. Both parallel compressors are assumed to discharge
at the same static pressure. The rotor blades of the compressor are assumed to instantaneously
adjust to the changes in inlet flow conditions as they enter and exit the distorted region. Though
aspects of this theory were later shown to be incorrect [9, 40–42], this marked the first major step
in distortion research.
When distortion is present, the rotor blades are forced to adjust to the local pressure, mass
flow, and incidence as they rotate into and out of the distorted sector. Though parallel compressor
theory states that this adjustment is instantaneous, Cousins [9] showed that the blades undergo a
dynamic response to changes in inlet flow conditions. As is the case with other physical systems,
the response of the compression system to a change in input conditions is governed by a set of
differential equations. Time constants are used to accurately model the dynamic response of the
system to a particular input. Cousins determined that the blade time constant is determined by
many design factors, the most important of which is the distance between the blade LE and the
throat of the blade passage. Since most of the pressure rise occurs after the throat, the time required
10

Figure 2.6: Comparison of the blade time constant to a distorted inlet flow determines the blade
response. Image from [9]

by a fluid particle to reach the throat of the blade passage determines how long it takes the blade
to ”know” (or respond to) a change in the inlet conditions has occurred. The flow physics and
response of the blade to distortion are also dependent on the circumferential size of the distorted
sector, with a larger sector producing a greater blade response, as shown in Fig. 2.6.
Early distortion research was conducted strictly using experimental apparatus. Distortion
profiles would be generated for the experiment using screens, such as that shown in Fig. 2.7.
However, the distortion patterns generated by screens are difficult to control, making it difficult to
investigate which aspects of a distorted profile contribute most to fan performance.
More recently, computational fluid dynamics (CFD) have been used in distortion research
as numerical simulations have been shown to adequately capture distortion transfer and generation
[32, 33]. Employing CFD, Weston et al. [11] explained the mass redistribution upstream of the
rotor caused by Pt distortion at the inlet. As shown in Fig. 2.8, the static pressure at the inlet is not
11

Figure 2.7: Example of distortion generating screen used in experimental test and resulting distortion profile. Image credit: [10]

uniform and follows a similar circumferential distribution as the Pt . As the inlet flow approaches
the fan rotor, the circumferential static pressure gradient causes a force imbalance on the fluid,
causing bulk fluid motion in the circumferential direction, and ultimately resulting in regions of
co-swirl (swirl in the same direction as the rotor rotation) and counter-swirl (swirl in the opposite
direction as rotor rotation). This phenomenon is known as pressure induced swirl and has been
verified by numerous studies [4, 5, 31–34, 43, 44].
Rotors add pressure to the fluid by doing work on it. This is accomplished by changing
the tangential component of the fluid relative velocity or, in other words, turning the flow. As
illustrated by Fig. 2.9, when incidence (or the difference between the blade and flow angles at the
inlet to the rotor) is high, the rotor blade must turn the flow more and consequently more work is
done on the fluid. The opposite is true when there is low incidence. Since the process is assumed
adiabatic, the amount of work done by the rotor on the fluid is quantified by the change in Tt . As
shown in Fig. 2.8, regions of co-swirl correlate to low Tt after the first stage because the rotor has
not been able to do as much work on the fluid. The converse is true for regions of counter-swirl,
where higher Tt results from the rotor doing more work on the fluid.
As shown in the foregoing research, Pt distortion at the inlet results in swirl and Tt distortion. In this thesis, the term distortion transfer refers to the transfer of the Pt distortion through the
12

Figure 2.8: Pt distortion causes mass redistribution upstream of the rotor, resulting in regions of coswirl and counter-swirl, which in turn result in Tt distortion after the fan stage. Image credit: [11]

fan stage while distortion generation refers to the induced swirl and Tt distortion generated as a
result of the Pt distortion.
Shaw et al. [45] investigated the effect that inlet guide vanes (IGVs) have on transonic
fan performance. When there is no distortion present, IGVs diminish the pressure rise of the
fluid. However, when distortion is present, IGVs extend the stable operating range of the fan by
removing much of the pressure induced swirl upstream of the fan rotor. Due to the reduction in
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Figure 2.9: The amount of work done by the rotor on the fluid is influenced by the incidence. For
the case of high incidence, the change in the tangential component of the relative velocity, ∆Wtan ,
is much more than that for the case or low incidence.
swirl experienced by the rotor, there was less variation in the local incidence and local power input
than when there were no IGVs were present.
Soderquist et al. [34] analyzed distortion transfer and generation at five spans in a transonic
fan operating at near-stall, design, and choke. The most distortion transfer and generation was
observed at the near-stall operating point, followed by design and finally choke, findings which
concurred with those of Weston et al. [11]. The maximum and minimum swirl, distortion transfer,
and distortion generation occurred at the boundaries of the distorted sector. Soderquist therefore
proposed that if the Pt gradient at the distorted sector boundaries were made less abrupt, there
would be less induced-swirl and consequently a reduction in distortion transfer and generation.
Orme et al [5] investigated Soderquist’s hypothesis at the design operating point using
three distortion profiles with decreasing levels of abruptness in the Pt gradient at the boundaries
of the distorted sector. As illustrated in Fig. 2.10, the variation in the pressure induced swirl was
diminished by an average of 17.3% near the hub (10% and 30% span) for profiles with a more
14

Figure 2.10: The peak co-swirl and counter-swirl induced by the Pt distortion are reduced due
to a more gradual Pt gradient at the boundaries of the inlet distortion sector. Shown is the swirl
distributions at multiple spans. Image credit: [5].

gradual gradient (identified as shape 1 and shape 2 in the figure). The largest changes are observed
near the boundaries of the distorted sector. Consequently, the amount of distortion transfer and
generation were diminished by 17.1% and 25.6%, respectively, through the fan stage.
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2.3

Describing Distortion
Since distortion research began, there have been various methods used to quantitatively

describe distortion, with each research group developing their own unique set of descriptors to
describe their work. However, this made communication between groups difficult and cumbersome. To eliminate this confusion and create a standard set of distortion descriptors, a committee
was formed under the direction of the Society of Automotive Engineers (SAE). The result was the
aerospace recommended practice (ARP) document known as ARP 1420, which has since undergone multiple updates and revisions, the latest of which is ARP 1420-C [12].
Among the distortion descriptors presented in ARP 1420 are the circumferential intensity
and extent, which are illustrated in Fig. 2.11. Shown in the figure are measurements of a Pt probe
taken at the i-th ring from an experimental rig. Intensity (I) is defined by Eq. 2.1 where PAV is
the average Pt across the whole circumference at this radius and PAV LOW is the average Pt of the
sector below PAV . Circumferential extent (θi− ) is likewise defined by Eq. 2.2 as the difference
between the angular locations at the end and beginning of the distorted sector.

I=

∆PC
P




=

i

PAV − PAV LOW
PAV

θi− = θ2i − θ1i


(2.1)
i

(2.2)

The distortion descriptors presented in ARP 1420 were developed with the intent of identifying the impact of distortion on engine performance, particularly on the stall margin. As such,
the descriptors are generally used to describe distortion patterns at the aerodynamic interface plane
(AIP) located upstream of the fan or compressor. While the ARP 1420 descriptors are very useful
in the applications for which they were developed, they are not as useful in describing distortion
transfer and generation through the fan stage. As will be shown later, the distortion distribution
becomes more complex downstream of the AIP which limits the effectiveness of the ARP 1420
distortion descriptors.
To address the need for descriptors that describe distortion transfer and generation, Peterson
[13, 46, 47] proposed a set of Fourier Series based distortion descriptors. Fourier series use a
series of sinusoidal functions with various magnitudes and phase to reconstruct any curve within a
16

Figure 2.11: ARP 1420 distortion descriptors for circumferential extent and intensity. Image credit:
[12]

specified interval. The method proposed by Peterson employs a Fourier series reconstruction of the
Pt or Tt distributions at a given radial span, as shown in Eq. 2.3, where An is the modal amplitude
of mode n and φn is the modal phase of mode n.

sn (x) =

N
A0
2π · n · x
+ ∑ An · sin(
+ φn )
2 n=1
p

(2.3)

Using this Fourier series reconstruction, Peterson produced three distortion descriptors:
modal amplitude (An ), total amplitude (ΣAn ), and phase shift (∆φn ) that describe the magnitude
and shape of any distortion profile. Total amplitude is found by summing the individual modal
amplitudes and provides a single value to describe the total amount of distortion present. By
considering the individual modal amplitudes and phase at a given axial location, the shape of the
distortion profile can also be described.
Considering these descriptors at multiple streamwise locations within a fan stage helps to
quantitatively describe distortion transfer and generation. Distortion transfer is illustrated by Fig.
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Figure 2.12: Sample results obtained using the Fourier based method described by Peterson.
Shown is the Pt transfer. Image credit: [13]

2.12, which comes from the work by Peterson [13]. Shown are the Pt distributions and distortion
descriptors at 50% span at rotor inlet, stator inlet, and stator outlet. Twelve harmonic nodes are
used to reconstruct the Pt distribution at each axial location. The total amplitude decreases slightly
from rotor inlet to stator inlet and then increases at stator outlet, demonstrating that the total amount
of Pt distortion changes through the fan. The shape of the distortion also changes, as shown by
the first three modal amplitude and the phase change distortion descriptors. A similar analysis
is performed for the Tt distribution to describe distortion generation. These distortion descriptors
have been used in several works since they were originally proposed by Peterson [5, 34, 35, 48].

18

Figure 2.13: A performance map for an engine fan. Shown are the choked flow regime, the stall
regime, and the stall margin, which is the difference between the operating line and the stall line.

2.4

Fan or Compressor Stall
Fan or compressor stall represents the breakdown of orderly flow through the component.

Since the dawn of the jet age, stall has been acknowledged as one of the most serious problems
in turbomachinery research and design [49]. To illustrate the seriousness of stall, a typical performance map is presented in Fig. 2.13. The green region is the choked regime. When a fan is
choked, the Mach number of the flow exiting the blade passage is unity. Consequently, pressure
waves are unable to propagate upstream and change the amount of incoming flow. When a fan is
choked, therefore, it represents the maximum amount of mass flow that can go through the component. On the other extreme is stall which is denoted by the red region. Because of the danger
that stall presents to the engine, fans are typically operated a safe distance away from stall. In the
figure, this is illustrated as the dashed operating line. The distance between the stall line and the
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Figure 2.14: When a fan or compressor stalls, there is separation from the suction surface of the
rotor blades. This separation causes a blockage within the blade passage that affects the flow in
adjacent passages, ultimately leading to a rotating stall cell. Image credit: [14]

operating line is known as the stall margin. Research into fan stall allows for appropriate measures
to be taken to delay stall inception or to safely operate the fan closer to the stall point so as to take
advantage of the higher pressure rise.
When a fan stalls, there is significant flow separation from the rotor blade suction surface,
as illustrated in Fig.2.14. The resulting blockage causes an increase in incidence in adjacent blade
passages, as shown on the left of the figure. These passages subsequently stall and the pattern
repeats, leading to a rotation stall cell. Due to the separation within the blade passage, the rotor
is unable to do work on the fluid and a sudden drop in pressure rise across the fan stage results.
As well, the blockage causes a decrease in the overall mass flow through the stage. This decrease
in mass flow enables the high pressure fluid downstream of the rotor to cause significant reversed
flow throughout the fan or compressor.
There are two main routes for a fan to stall, known as long length-scale (modal) stall inception and short length-scale (spike) stall inception. Modal-type stall is a two-dimensional phenomenon and the disturbances exhibit a length-scale on the order of the fan circumference. On
the other hand, the disturbances in spike-type stall are three-dimensional and are localized within
individual blade rows. Camp and Day [50] found that the type of stall inception can be predicted
based on the slope of the performance characteristic of the fan or compressor, with negatively
20

sloped pressure characteristics exhibiting spike-type stall inception. Since spike-type stall inception is what is observed in the research of this thesis, we will focus our attention on this type of
stall inception.
Spike-type stall inception is so called because of the small disturbances observed near the
rotor tips immediately prior to stall. In Fig. 2.15, six pressure traces are evenly spaced around
the annulus. Day [15] noticed that the ”spikes” in the pressure traces appeared without warning
and represented the presence of a stall cell. Since a blockage in one passage affects adjacent
passages (as was previously described), the stall cell and consequent spike in the pressure trace
would propagate around the annulus. This rotating stall cell rotates in the same direction as the
rotor at approximately 70% of the rotor speed.
Vo et al. [51] defined two criteria for spike initiated rotating stall. These are tip clearance
flow spillage at the leading edge (LE) below the blade tip and reversed flow at the trailing edge
(TE) plane of the blade passage. The same authors suggest that solutions which prevent or delay
either of these two criteria will extend the stable operating range of the fan or compressor.

2.5

Mechanisms of Spike-Type Stall Inception
Computational fluid dynamics (CFD) has enabled investigation into the underlying physical

mechanisms of spike-type stall inception [16–18,51–56]. As will be seen, these mechanisms differ
depending on whether shock waves are present. When shock waves are present, the machine is
considered high speed. Similarly, when no shock waves are present, the machine is characterized
as low speed. Mechanisms of stall inception in low speed machines will be presented first, followed
by those in high speed machines.
Hoying et al. [16] pointed to the forward movement of the tip clearance vortex as a central
feature for stall inception in low speed compressors. This is illustrated in Fig. 2.16 where the
line represents the trajectory of the tip clearance vortex. At the design point, the vortex sweeps
downstream and across the blade passage. However, at the stall point, the vortex trajectory has
moved forward so that it is perpendicular to the axial flow direction. As a result, the induced
velocity (indicated by the arrow) is opposite that of the incoming flow. This blockage eventually
leads to the formation of a rotating stall cell.
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Figure 2.15: Pressure traces at six circumferential locations showing spike-type stall inception.
The ”spike” disturbance appears without warning at revolution 17. Image credit: [15]
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Figure 2.16: Trajectory and induced velocity for the tip clearance vortex at different operating
points: design point (a) and stall point (b). Image credit: [16]

While previous work, such as that of Hoying et al., emphasized role in tip clearance flows
in stall inception, more recently, Pullan et al. [17] suggested that radial vortex structures are the key
mechanisms of stall inception. Using a low-speed compressor, it was found that high incidence
leads to flow separation at the LE and the formation of a radial vortex. As shown in Fig. 2.17,
one end of this vortex attaches to the suction surface of the blade and moves downstream while
the other end attaches to the casing and convects toward the pressure surface of the adjacent blade,
causes high incidence on the adjacent blade and propagation of the stall cell. These radial vortices
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Figure 2.17: This vortex is the mechanism for stall inception in low-speed compressors. One end
of the vortex attaches to the suction side of the blade and moves downstream, while the other
end attaches to the casing and convects toward the pressure surface of the adjacent blade. Image
from [17].

were found even in simulations where there was no tip clearance, suggesting that tip clearance
flows are not a prerequisite for stall inception.
Though similar to in some respects to low-speed compressors, the presence of shock waves
complicates stall inception in high-speed machines. Hah et al. [18, 52] showed that interactions
between the detached bow shock and the tip clearance vortex were the mechanism that lead to
stall in a transonic fan. Figure 2.18 shows streamlines of the tip clearance vortex as well the low
momentum region at the blade tip, as seen in the entropy contours. At all operating points, a region
of low momentum forms immediately after the shock wave near the pressure surface of the blade.
As the fan approaches stall, the shock becomes more detached from the LE and likewise the low
momentum fluid moves closer to the LE of the blade. Simultaneously, the tip clearance vortex
moves forward and interacts with the low momentum fluid to cause LE spillage. The same authors
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Figure 2.18: Tip vortex traces and entropy contours at the stall condition. Image from [18]

emphasize that no breakdown of the tip clearance vortex is observed. This had been proposed to
be the source of the low-momentum fluid in prior research [57, 58].
On the other hand, Ju and Ning [19] observed periodic spillage flows at the LE in a transonic
fan operating near stall. This is shown in Fig. 2.19, which shows streamlines of the tip clearance
vortex and vorticity magnitude at 98% span at ten instants. They identified two vortices (labeled
V1 and V2) resulting from the spiral-type breakdown of the end of the tip clearance vortex. The
V2 vortex moves toward the pressure surface of the adjacent blade, where the V1 vortex was
originally. Simultaneously, V1 convects downstream along the pressure surface. When V2 reaches
the pressure surface, LE spillage across the blade LE ceases. The cycle repeats as the tip clearance
vortex again breaks down and forms a new vortex V3. Not only do these finding differ from
those of Hah [18, 52] in that a breakdown of the tip clearance vortex was observed, but they also
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Figure 2.19: Snapshots of the flow field at ten instants. The flow field sections are at 98% span and
are colored with vorticity. Image from [19]

contrast what was described by Pullan et al. [17] since the tip clearance flows were the source of
the unsteadiness that lead to stall and no signs of LE separation or radial vorticity were observed.
Unrau [22] found that interactions between the detached shock wave and the tip clearance
vortex enabled spillage at the LE in a transonic fan. Interestingly, the radial vortex structures
described by Pullan were observed, but only after the formation of a stable stall cell. He therefore
concluded that these structures could exist in a high-speed machine, but were not part of the stall
inception process.
The stall inception study presented in this thesis will build on the foregoing work. The
apparent contradictions explained above will be clarified and the overall understanding of stall
inception in high-speed machines will be improved.

2.6

Stall Inception with Distortion Present
Generally, the presence of inlet distortion decreases the stall margin of a compressor or

fan. Page et al. [20] investigated the effects of four types of inlet distortion commonly resulting
from curved inlet ducts on transonic fan stability. Of all the types of distortion tested, they found
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Figure 2.20: Casing static pressure and tip leakage vortex streamlines at four locations around the
annulus. The vortex unwinds most at 161°, making this location the most likely for stall inception
to occur. Image from [20]

that a Pt deficit in the tip region (due to a thickened boundary layer or separation within the duct)
was the most likely to promote rotor instability. Since stall in a high speed machine is generally
a tip-critical phenomenon, low Pt near the tip advances the existing stalling mechanism. This is
illustrated in Fig. 2.20, which shows the static pressure and streamlines of the tip clearance vortex
near the blade tips at four locations around the annulus. At 161° (part b in the figure), near the
inside of the curved inlet duct, there is significant low momentum near the tips. As a result, the
tip clearance vortex unwinds and spreads across the blade passage more significantly than at any
other location. This makes LE spillage of the tip clearance flow and consequently the formation of
a stall cell more probable at this location.
Perovic et al. [21] investigated stall inception in a boundary layer ingesting fan. They found
that the low momentum region caused by the ingestion of the boundary layer results in regions of
high and low incidence similar to the pressure induced swirl previously described. As demonstrated in Fig. 2.21, the area of separated flow (indicated by the blue low axial velocity regions)
grows as the rotor passes through the high incidence region (indicated by the solid line) and decays
when it passes through the low incidence region (indicated by the dotted line) for both the near
design and near stall operating points. Near stall, the global decrease in axial velocity upstream of
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Figure 2.21: Axial velocity downstream of the rotor for the near design condition (a) and the near
stall condition (b). The regions of low axial velocity represent separation from the suction surface
of the rotor blades. Image from [21]

the rotor results in the circumferential extent of the high incidence region to be large enough for
separation to occur closer to the LE on the suction surface of the blades. These instabilities directly
contribute to the formation of a rotating stall cell.
Unrau [22] attempted to compare the stall inception process in a transonic fan for clean
and distorted inlets. As shown in Fig. 2.22 Four stall cells formed for the distorted case compared
to the single stall cell for the clean case. Though simulations of the stalled fan were obtained,
simulations near-stall were not, which made it unclear whether the observed flow physics were
attributable to the inlet distortion or to the compressor being deeper into stall.
In addition to investigating how the presence of inlet distortion affects the stall margin of
the fan, this thesis will focus on understanding how inlet distortion affects the mechanisms of stall
inception and whether these differ from those present when there is no distortion present.
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Figure 2.22: Axial velocity at 50% chord. Only reversed flow is visible due to the scale. Four stall
cells resulted when distortion was present. Image from [22]
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CHAPTER 3.

METHODOLOGY

This chapter will present the methodology used for the research of in this thesis. The
methods for each of the two studies will be presented separately.

3.1

Transition Abruptness Study
This first section details the methodology used in the transition abruptness study. The

objective of this study is to investigate the effect that a less-abrupt Pt gradient at the boundary of
the distorted sector in the inlet profile has on distortion transfer and generation at operating points
ranging from near-stall to choke.

3.1.1

Geometry
The transonic fan used in this research was PBS Rotor 4 which was developed by the Air

Force Research Laboratory. Rotor 4 was designed to be a state-of-the-art fan with high through
flow, high aerodynamic loading, and a low hub/tip ratio. At design conditions, the rotor tip speed
is 457 m/s. At this speed, 60% of the blade height experiences supersonic relative Mach numbers.
Rotor 4 was also designed with a small throat area and low suction surface curvature for the purpose
of investigating the ability to control shock strength. The design of Rotor 4 is similar to that of
many high performance fans in operation today, making it a relevant design for distortion research.
The performance of Rotor 4 was quantified and discussed at length by Law and Puterbaugh [59].
Rotor 4 is shown in Fig. 3.1, with the rotor shown in orange and the stator in gray. The
rotor has 20 blades and rotates at 20,200 RPM. The stator has 31 blades. Information regarding
rotor 4 is presented in Tab. 3.1. The pressure ratio, mass flow rate, and efficiency performance
measures are taken from clean inlet experimental measurements at the design operating point.
Important axial locations in the computational domain are shown in Fig. 3.2, which presents
a meridional view of the stage. The aerodynamic interface plane (AIP) is located three rotor chords
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Figure 3.1: PBS Rotor 4 Geometry

Table 3.1: Rotor 4 Design Parameters
Design Parameters
Number of Blades (Rotor)
Number of Blades (Stator)
Outer Diameter (Tip)
Running Tip Clearance
Flow Rate
Pressure Ratio
Rotor Efficiency
Rotation Speed

Value
20
31
0.4318 m
0.508-0.635 mm
(0.12% - 0.15% Diameter)
27.56 kg/s
2.057
94.60%
20,200 RPM

upstream of the rotor and serves as the inlet into the fan. It is here that distorted inlet profiles are
applied. The rotor inlet is also located one rotor chord upstream of the rotor LE. Pressure-induced
swirl can be observed at this location. The stator inlet is located between the rotor and stator and
is where much of the Pt and Tt measurements presented in this thesis are drawn. The stator outlet
is located 0.85 stator chord downstream of the stator TE. This is the outlet of the computational
domain. Here, the back pressure is changed to control the operating point of the fan. Performance
metrics for the rotor are calculated using data between the AIP and the stator inlet, while metrics
for the full stage are found using data between the AIP and stator outlet.
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Figure 3.2: Meridional view of the rotor 4 geometry

3.1.2

Mesh
The computational mesh was developed based on the significant effort of Peterson [46] that

employed best practices taken from a combination of the STAR-CCM+ manual, turbomachinery
specialists at CD-Adapco, and Nessler [37] and Sanders [24]. When performing a full annulus,
unsteady simulations there is a trade-off between mesh independence and computational cost. A
mesh that sufficiently captures the relevant flow physics is deemed adequate. Though the important
aspects of the mesh are reviewed here, the reader is referred to Peterson’s Thesis for an extensive
overview of the mesh [46].
Three regions were defined: the spinner region (between the AIP and rotor inlet), the rotor
region (between the rotor inlet and stator inlet), and the stator region (between the stator inlet and
stator outlet). Each region was meshed using the built in STAR-CCM+ polyhedral mesher. An
unstructured mesh was used, except near the walls where structured prism layers were employed
to resolve the boundary layer. The number of prism layers varied from 8 to 12 cells, yielding an
average y+ of 10 on the blade, hub, and shroud walls. Though this y+ value is slightly greater that
the recommended value of 5 for turbomachinery flows [60], computational time considerations
outweighed the desire for further refinement. Generally, a refined mesh is desirable where shock
waves exist. However, since the position of the shock changes depending on the operating point,
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the mesh was refined throughout the entire blade passage. The total cell counts in the spinner,
rotor, and stator regions were 14.9M, 92.3M, and 185.9M, respectively, which yielded a total cell
count for the full annulus computational domain of 293.1M.
To verify that the mesh was sufficiently refined to be used in the work of this thesis, the
mesh was compared to those used in similar studies. Yao et al. [32, 33] demonstrated the ability of
high-fidelity CFD to accurately predict distortion transfer and generation. In their work, two threestage fans were used with structured meshes of 201M and 313M cells, respectively. A similar total
cell count was obtained for the mesh in this thesis though only a single stage fan was used. Gorrell
et al. [23] used a similar sized mesh to that used in this thesis (though slightly coarser) to investigate
wake-shock interactions in a transonic compressor. The results showed excellent agreement with
the experimental results obtained using digital particle image velocimetry (DPIV), as shown in Fig.
3.3. Further, Unrau [22] ran full-annulus simulations of stall inception in rotor 4 with a different
CFD software using a mesh with 229M cells. As will be shown, his results agree well with those
presented in this thesis. From all this, it was concluded that the mesh was sufficiently refined for
the purposes of this thesis.

3.1.3

Inlet Distortion Profiles
The six inlet distortion profiles used in this study are shown in Fig. 3.4. The three profiles

at the top of the figure are based on a 90° distortion sector while the three at the bottom are based
on a 135° distortion sector. Each profile has a 15% percent distortion, as defined by Eq. 3.1 where
Pt,max and Pt,min are the maximum and minimum total pressure at the aerodynamic interface plane
(AIP). Each profile has a parabolic boundary layer applied at the casing, which is represented by
half of a cosine wave.

PD =

Pt,max − Pt,min
· 100%
Pt,max

(3.1)

The transition region between distorted and clean regions is defined as the circumferential
distance over which a transition from clean (high) Pt to distorted (low) Pt occurs. The transition
region between clean and distorted flow was also modeled using half of a cosine wave. The wavelength was modified to make the transition between the clean and distorted regions less-abrupt.
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Figure 3.3: CFD/DPIV velocity magnitude comparison across a shock. Image from [23].

The initial wavelength used resulted in the ”base” profile, which has a circumferential transition
distance approximately equal to 4.5% of the casing circumference. ”Shape 2” shows the least
abrupt transition between clean and distorted regions, with the transition distance approximately
10% of the casing circumference. ”Shape 1” is an intermediate step between the ”base” and ”shape
2” profiles. These differences in the transition distance can be seen in Fig. 3.4.
The 90° sector was specifically chosen to mimic profile shapes observed at the exit of sduct diffusers and was based on canonical patterns in the literature [38, 61, 62]. This is illustrated
in Fig. 3.5. As the flow passes through the s-duct diffuser, counter rotating swirl regions, known
as twin swirl, form along the symmetric axis of the diffuser. This twin swirl generates counter
rotating vortices (vortex swirl) and consequently a velocity driven low Pt distortion region to form
at top dead center (TDC). Further details are provided in [47]. The 135° sector was selected to
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Figure 3.4: Top: Normalized Inlet Distortion Profiles for the 90° sector. Bottom: Normalized Inlet
Distortion Profiles for the 135° sector. View is forward looking aft. 0° is located at the bottom of
each contour and θ increases moving clockwise. Sectors are normalized relative to the maximum
Pt at the AIP.
evaluate the impact that the circumferential extent of the distorted sector has on distortion transfer
and generation.

3.1.4

Boundary Conditions
The distortion profiles discussed in the previous section were each used as Pt inlet boundary

conditions applied at the AIP. A constant Tt of 288 K was also specified at the AIP. The inlet plane
was selected based on future availability of experimental data (Pt and flow angles) at the axial
location.
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Figure 3.5: Illustration of the Pt distortion pattern resultant from an s-duct diffuser. Image credit:
[24]

Static pressure exit boundary conditions were chosen that resulted in three separate operating points for each inlet profile: near-stall, near-design, and choke. The last simulation that
converged before numerical stall occurred was chosen as the near-stall point. Numerical stall is a
non-physical phenomenon that occurs in simulations operating close to stall. It results from the
divergence of the simulation due to numerical instability. The exit boundary was applied at approximately 0.85 stator chord downstream of the stator trailing edge. The exit boundary condition
was positioned based on the location of facility adaptive hardware in the experimental setup. It is
acknowledged that the interaction of the boundary condition at this distance may negatively influence the back pressuring of the stator row. For simplicity, the facility adaptive hardware and other
downstream components were not incorporated in the simulation.
Orme [25] investigated the impact of using a static pressure exit boundary condition as
opposed to a variable-area nozzle had on the observed trends and flow physics by comparing results
obtained using both approaches. Slight differences (< 1%) were observed in the near-stall, neardesign, and choke mass flow rates, pressure ratios, and efficiencies. Comparison of contour plots of
Pt , Tt , and static pressure for both approaches showed only minor differences which were attributed
to slight differences in operating conditions. He concluded that there was little difference in the
overall observed trends when either approach was used. Therefore, simulations at choke, near-
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design, and near-stall using a static pressure exit boundary condition were deemed adequate for
comparing distortion transfer and generation for this study.

3.1.5

Turbulent Models and Simulations Parameters
Full annulus, time-marching simulations have been demonstrated to accurately capture dis-

tortion transfer and generation [4,5,11,20,32–34,43–45]. STAR-CCM+ version 13.02 was selected
to conduct the full annulus simulations of PBS Rotor 4 with the applied distortion pattern. The
spinner, rotor, and stator regions were meshed using the built-in polyhedral meshing strategy. To
speed up overall convergence, an initial coarse time step corresponding to 2° rotor rotation was
used, after which a finer time step commensurate of 1/4° rotor rotation (72 time steps per rotor
pitch, 1440 time steps per rotor rotation) was used to further resolve the flow. The coarse time step
employed 40 inner iterations while the fine time step used 10. The SST k-ω turbulence closure
model was used and the simulation was fully turbulent.

3.1.6

Distortion Descriptors
The Fourier-series based distortion descriptors proposed by Peterson [13] and employed

in prior research [5, 34] were used in this work. Equation 3.2 shows the Fourier series equation,
where An and φn represent the modal amplitude and phase, respectively, of mode n. The authors
used the Fourier total amplitude descriptor (∑ An ) to give a single value to describe the total amount
of distortion present at a specified radial location. Total amplitude was shown to be a measure of
both the magnitude and radial extent of distortion, which simplifies the process of tracking the
increase and decrease of distortion as it passes through a blade row. To enable clearer comparisons
of distortion amplitudes between simulations, each amplitude was normalized by the maximum Pt
or Tt at the inlet plane.

sn (x) =

N
A0
2π · n · x
+ ∑ An · sin(
+ φn )
2 n=1
p
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(3.2)

3.1.7

Blade Loading
A blade loading analysis was performed to determine how each inlet distortion profile

produced radial and circumferential variations in power through the rotor blade row. This was
done by extracting static pressure data at an instant in time on each blade at 10%, 30%, 50%, 70%,
and 90% spans. Using Eq.’s 3.3 and 3.4, the static pressures on the suction side and the pressure
side were then integrated from leading edge to trailing edge to determine the power at each of the
five radial locations on each blade.
Z

Ẇpressure =

Z

Ẇsuction =

Ppressure ·U(r) · dA

(3.3)

Psuction ·U(r) · dA

(3.4)

U(r) is the blade speed as calculated by U(r) = N1 · r where N1 is the rotational speed in
radians per second, and r is the radial location on the blade. The last terms in the integrals are
defined by dA = h · dz, where dz is a differential length element in the axial direction, and h is
the approximate height of the differential region for which power is being calculated. This height
term for each area was calculated as 1/5 the distance from hub to tip because five uniformly-spaced
spans were used. These terms are portrayed in Fig. 3.6. The local power at each radial location on
each blade can then be calculated by Eq. 3.5.

Ẇ = Ẇpressure − Ẇsuction

3.2

(3.5)

Stall Inception Study
This section presents the methodology used to complete the stall inception study. The

objective of this study is to explore the effect that inlet distortion has on stall inception in a transonic
fan. As well, the effect that a less-abrupt Pt gradient in the inlet profile has on stall inception will
be explored.
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Figure 3.6: Visualization of the blade loading parameters.

3.2.1

Geometry
PBS Rotor 4 was used as the geometry for this study. Details for this geometry are pre-

sented in Section 3.1.1. A variable area nozzle (which was also used by Orme [25]) was added to
the rotor 4 geometry immediately downstream of the stator outlet. The computational domain with
the nozzle is shown in Fig. 3.7.

39

Figure 3.7: Full-annulus computational domain with the PBS Rotor 4 geometry. The variable-area
nozzle is shown in blue.
The nozzle extends approximately five stator chords downstream from the stator TE. The
length of the nozzle allows for the flow to adequately adjust without negatively impacting the flow
in the stator. Details of this validation are provided in Appendix A. The area at the exit of the
nozzle is variable, which allows for the operating point to be controlled by increasing or reducing
the exit area.

3.2.2

Mesh
A new region was defined for the nozzle in addition to the spinner, rotor, and stator regions

already extant on the rotor 4 geometry. As illustrated in Fig. 3.8, the mesh of the nozzle region was
matched as closely as possible to the stator region mesh using the STAR-CCM+ polyhedral mesher.
Base element size, number of prism layers (8), and prism layer height (12% base element size) were
matched with the values from the stator region mesh. The nozzle mesh added approximately 3M
cells to the simulation, bringing the total cell count to 296M cells for the full-annulus domain.
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Figure 3.8: Boundary layer transition from stator region to nozzle region. Image credit: [25].

3.2.3

Boundary Conditions
One clean and one distorted Pt inlet patterns were used. For the clean inlet, the inlet Pt was

set to standard atmospheric conditions. The 90° base profile described in Section 3.1.3 was used
as the distorted pattern. As shown in Fig. 3.9, this profile consisted of a 90° distorted sector with
15% Pt distortion as defined by Eq. 3.1. The distorted sector is centered about top dead center or
180°. The transition region between the clean and distorted sectors is approximately 4.5% of the
casing circumference. For both the clean and distorted inlet cases, the inlet Tt was set at a constant
288 K.
The exit boundary condition was located at the exit of the nozzle. The static pressure
at the exit was set to atmospheric static pressure boundary condition. This methodology was
demonstrated by Vahdati et al. [63] to allow the exit area to dictate the operating point of the fan.
At mass flow rates away from stall, the nozzle is choked. Closer to stall, the nozzle is not choked,
but the fan adjusts to meet the outlet static pressure condition. This methodology is less restrictive
than a static back pressure immediately after the stator. As such, it allows for stall inception to be
simulated without the onset of premature numerical stall.

3.2.4

Turbulent Models and Simulation Parameters
An implicit dual time-marching scheme was used to advance the solution in time with a

time step commensurate with 1/8° rotor rotation and 5 inner iterations (144 time steps per rotor
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Figure 3.9: Distorted inlet profile used in the stall inception study. The profile consists of a 90° Pt
distorted sector centered about top dead center (180°). The transition from the clean to distorted
sectors occurs over 4.5% of the casing circumference.

pitch, 2880 time steps per rotor rotation). In order to capture the unsteady phenomena associated
with stall, a finer time step than what was used in the transition abruptness study was required.
The time step used in this study compares well to the time step used in other studies that have
investigated stall inception [20, 55]. The SST k-ω turbulence closure model was used and the
simulation was fully turbulent.
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CHAPTER 4.

RESULTS: TRANSITION ABRUPTNESS STUDY

The results from the transition abruptness study are presented in this chapter. The objective
of this study is to investigate the effect that a more gradual total pressure (Pt ) gradient has on
distortion transfer and generation at three different operating points: near-stall, near-design, and
choke. Three profiles with increasingly more gradual or less-abrupt Pt gradients are tested. The
profile with the most abrupt gradient is called ”base” while that with the least abrupt is called
”shape 2”.
The results are presented in the following manner. First, the overall performance measures
are presented, followed by an investigation of the rotor incidence. Next, contour plots of Pt and
Tt at stator inlet are discussed, as well as circumferential traverses and total amplitude plots as
needed to quantify the amount of distortion present and aid in the interpretation. Variations in the
local rotor power are then shown. Finally, the flow physics underlying the observed trends will be
analyzed and discussed.
Comparison of the simulations using the different inlet profiles will be limited to the ”base”
and ”shape 2” profiles since ”shape 2” shows the most pronounced difference to ”base”. In some
instances, only the results from 90° shapes are presented where the same trend is observed for both
90° shapes and 135° shapes.

4.1

Overall Performance Measures
The overall performance of the fan stage under each distortion profile was measured for

a range of operating conditions. The pressure ratio and efficiency characteristics, shown in Fig.
4.1-4.2, were calculated using Eq. 4.1 and Eq. 4.2, respectively, where subscript 2 refers to the
rotor inlet (located 0.60 rotor chord upstream of the rotor LE) and subscript 3 refers to the stator
outlet (located 0.85 stator chord downstream of the stator TE). In Fig. 4.1-4.2, the simulations
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Figure 4.1: Pressure ratio characteristic curves for the inlet distortion profiles considered. The
”NS”, ”ND”, and ”C” indicate which simulations were used for the near-stall, near-design, and
choke operating point, respectively.

clustered around the ”NS” were used for near-stall data, while those clustered around the ”ND”
and ”C” were used for near-design and choke data, respectively.
Pt,3
Pt,2

PR =

(4.1)

γ−1

ηf =

Pt,3 γ
−1
Pt,2
Tt,3
Tt,2 − 1

(4.2)

Figure 4.1 shows that there is little difference (< 0.2%) in the pressure ratios between the
base and shape 2 cases for all operating points considered. The fan chokes at 27.93 kg/s and 27.92
kg/s and stalls at 26.91 kg/s and 27.06 kg/s for the 90° base and 90° shape 2 cases, respectively. For
135° base and 135° shape 2, the fan stalls at 26.67 kg/s and 26.84 kg/s, respectively, and chokes
at 27.89 kg/s for both cases. The stall margin for the shape 2 case is reduced by 17.2% and 16.5%
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Figure 4.2: Efficiency characteristic curves for the inlet distortion profiles considered. The ”NS”,
”ND”, and ”C” indicate which simulations were used for the near-stall, near-design, and choke
operating point, respectively.

for the 90° shapes and 135° shapes, respectively, compared to the base profiles. Figure 4.2 shows
a slight increase in the efficiency between the base and shape 2 cases for the near-stall operating
point. There is a 0.7% increase in the efficiency from the base profile for both the 90° and 135°
shape 2 instances. There is minimal (< 0.1%) improvement in the efficiency for the near-design
and choke operating points.
Overall, there is little difference in the overall performance characteristics between the
base and shape 2 cases. However, this research is still significant since there is a difference in the
amount of distortion transfer and generation through the fan stage for the different cases, as will be
shown in later sections. The distortion content at the exit of the fan (inlet to the core compressor)
is necessary for compressor designers to predict performance of the core compressor.
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Figure 4.3: Rotor incidence for the 90° shapes. Left: near-stall. Middle: near-design. Right:
choke.
4.2

Rotor Incidence
Due to the Pt distortion at the inlet, mass is redistributed ahead of the rotor, causing regions

of co-swirl and counter-swirl and consequently variations in rotor incidence. This phenomenon
is known as pressure-induced swirl and has been described in detail by various authors [4, 31,
43]. Figure 4.3 shows the traverses of the rotor incidence at five spans for the 90° shapes at each
operating point. For reference, the transition regions at the edge of the distorted sector extend from
127° to 143° and from 217° to 233° for the 90° base profile. Similarly, for the 90° shape 2 profile,
the transition regions extend from 117° to 153° and 207° to 243°. For spans near the hub (10%
and 30%), the incidence has a sinusoidal distribution, with the minimum and maximum incidence
respectively occurring as the blades enter and exit the distorted region. This is most clearly seen at
10% span, where the base inlet profile has a minimum incidence of -11.9° near a circumferential
location of 135° and a maximum incidence of 8.7° near 245° for the near-stall operating point.
For near-design, the minimum and maximum are -12.0° and 6.3°, respectively, while choke has
minimum at -12.0° and a maximum of 6.0° occurring near the same circumferential locations that
were observed for near-stall.
Above mid-span, the incidence has a different distribution than what was seen at spans
closer to the hub. To illustrate, the 70% span for the case of the base profile at near-design will
be considered. In the undistorted area, the incidence remains fairly constant around 9.0°. As
the blades enter the distorted sector (125°), the incidence decreases to a minimum of 7.1°, but
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then quickly jumps to maximum incidence of 14.9°. The elevated level of incidence is generally
maintained throughout the distorted sector (140° - 220°) due to the reduced axial velocity, though
the incidence drops slightly to 13.9° near the center of the sector (185°). As the blades exit the
distorted region (225°), the incidence again increases to 14.5° before rapidly falling to 7.6°. Finally,
the incidence returns to the initial value of 9.0°.
There are a few differences in the incidence distribution for the near-stall operating point.
70% span for the base near-stall case will be used to illustrate. Like the near-design case, the
incidence is high throughout the distorted sector; however, the maximum incidence of 16.0° occurs
at the exit of the distorted region (215°), rather than at the entrance as it did for the near-design
case. As well, after the drop in incidence upon exiting the distorted region, the incidence gradually
increases (230° - 290°) until it peaks at 10.8°.
This gradual increase in incidence from 230° - 290° is particularly significant for 90% span.
In fact, the maximum incidence of 11.7° for this span occurs in this circumferential range rather
than at the exit from the distorted sector. Stall is generally a tip critical behavior and is likely to
occur in areas of high incidence [17, 21]. Accordingly, we expect to see the beginnings of stall
inception near 290° since this where highest incidence is observed for 90% span. This will be
discussed in greater detail in a later section of this chapter.
The 90° shape 2 inlet profile caused significant reductions in the incidence near the local
extrema, with the most pronounced changes occurring near the hub. For 10% span, the minimum
incidence is increased by 20.7% (2.46°), 19.9% (2.38°), and 19.7% (2.37°) for near-stall, neardesign, and choke operating points, respectively. Likewise, the maximum incidence is reduced by
4.84% (0.42°), 3.26% (0.21°), and 3.54% (0.21°) for the same operating points. For 70% span
at the near-stall, near-design and choke operating points, the minimum incidence is increased by
7.95% (0.60°), 9.32% (0.67°), and 9.35% (0.66°), respectively while the maximum incidence is
reduced by 4.26% (0.68°), 3.28% (0.49°), and 3.54% (0.52°). As well, for the near-stall operating
point, the local peak after exiting the distorted sector is reduced by 3.5% (0.41°).
As will be shown later, the reduction in incidence magnitude at the rotor inlet reduces the
amount of distortion transfer and generation. Since the near-stall operating point is affected most
in terms of incidence by a less abrupt transition in the inlet Pt profile, we expect that it likewise will

47

experience the greatest reductions in distortion transfer and generation of all the operating points
considered.

4.3 Pt and Tt Contours
To qualitatively compare the effects of a less abrupt transition in the inlet distortion profile
on distortion transfer and generation, contour plots for Pt and Tt were produced at the stator inlet
(located 0.20 rotor chord behind the rotor TE) at each operating point. These contours were timeaveraged over one blade passage (18°) in 1° increments per time step.
To provide clear comparison between the base, shape 1, and shape 2 profiles, the contours
for shape 1 and shape 2 are presented as a difference from the base profile. The values shown in
the shape 1 and shape 2 contours are the result of subtracting the base profile from the shape 1 and
2 profile, respectively. As such, positive values (red) in the shape contours indicate an increase in
value relative to the base profile, while negative values (blue) indicate a decrease.
Pt contours at the stator inlet illustrate distortion transfer through the rotor. The results for
the 90° shapes at the three operating conditions are shown in Fig. 4.4. By inspection of the neardesign base profile, a low Pt (LTP) sector (< 25 kPa) and a high Pt (HTP) sector (> 45 kPa) occur
near the hub, each centered at 150° and 240°, respectively. These sectors correlate to the regions of
low and high rotor incidence (Fig. 4.3). Similar HTP and LTP sectors near the hub are also present
for the other operating conditions, though for the near-stall condition, the HTP sector extends more
radially to 30% span. As well, at the choked condition, the LTP sector extends radially to cover
nearly spans and circumferentially from 135° to 225°.
The Pt contour for near-stall base is of particular interest. In addition to the HTP and LTP
sectors near the hub, HTP (> 43 kPa) and LTP (< 33 kPa) sectors appear near the tip. Though not
as severe in terms of magnitude, these sectors extend over a larger circumferential distance than
the near hub sectors, with the tip HTP sector extending from 170° to 245°, while the tip LTP sector
extending from 250° to 330°. Interestingly, the near-stall contour for 135° shapes, shown in Fig.
4.5, differs significantly from the contour for 90° shapes. From the 135° base profile, it is seen
that the tip HTP sector only extends from 160° to 210°, a 33% reduction from the circumferential
extent seen in the near-stall base contour for the 90° shapes. This difference suggests that the

48

Figure 4.4: Pt (Pa) at stator inlet for the 90° sector. Shape contours represent the difference from
the base contour. View is forward looking aft. 0° is located at the bottom of each contour and θ
increases moving clockwise. Top: near- stall. Middle: near-design. Bottom: choke.

strength of the tip HTP sector for the near-stall operating point is determined in part by the size of
the distorted sector at the inlet, a point which will be discussed in greater depth later in this chapter.
The shape 2 contours for the 90° distorted sector reveal many differences from the base
profile. At all operating points near the hub, the LTP sector (near 150°) is increased by 15.2% (5
kPa), while the HTP sector (near 240°) is decreased by 16.3% (7 kPa). This is consistent with Fig.
4.3, which shows that the incidence was increased near the entrance of the distorted sector and
decreased near the exit. We therefore conclude that at all operating points a less abrupt transition
in the inlet Pt profile causes an increase in the LTP sector and a decrease in the HTP sector near the
hub. This is due to changes in rotor incidence and results in a reduction in the amount of distortion
transfer, which will be quantified in Section 4.4.
49

Figure 4.5: Pt (Pa) at stator inlet for the 135° sector near-stall. Shape contours represent the
difference from the base contour. View is forward looking aft. 0° is located at the bottom of each
contour and θ increases moving clockwise.

For the 90° shape 2 profile at the near-stall operating point, the tip LTP sector is increased
by approximately 2 kPa and the tip HTP sector is decreased by approximately 3 kPa, though a
reduction in the rotor incidence was observed at the locations of both these sectors (Fig. 4.3).
According to the prior explanation for the sectors near the hub, a reduction in incidence should
result in a reduction in both sectors. This observation will be explored in greater depth in the
discussion section of this chapter.
As a result of the distortion transfer through the rotor, variations in the blade loading occur
which cause Tt distortion generation. This distortion generation is illustrated by the Tt contours for
the 90° shapes at stator inlet shown in Fig. 4.6. The 90° near-design base Tt contour is characterized
by both a low Tt (LTT) sector (< 340 K) and a high Tt (HTT) sector (> 360 K), similar to the LTP
and HTP sectors seen in the Pt contours. The LTT sector extends radially from the hub to about
80% span and maintains a fairly constant form regardless of the operating point. On the other
hand, the HTT sector varies significantly between the operating points. Moving from choke to
near-design to near-stall, the HTT region grows radially and increases in circumferential extent
in the counter-clockwise direction. For the choke base Tt contour, the HTT sector is contained
within 30% span. However, for the near-design base contour, the HTT sector has grown and
now extends to the casing while sweeping counter-clockwise and trailing off radially towards the
casing, terminating near 200° circumferentially. For the near-stall base Tt contour, the HTT sector
has further grown such that it does not trail off as much radially as the near-design base contour,
resulting in a thick HTT sector that extends all the way to approximately 150°.
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Figure 4.6: Tt (K) at stator inlet for the 90° sector. Shape contours represent the difference from
the base contour. View is forward looking aft. 0° is located at the bottom of each contour and θ
increases moving clockwise. Top: near-stall. Middle: near-design. Bottom: choke.

As was the case for Pt , the shape 2 difference contour reveals differences between the
base and shape 2 Tt contours. The LTT sector and HTT sector have respectively increased and
decreased by approximately 1.5% (5 K) and 1.4% (5 K), respectively, with the differences being
most pronounced at the boundaries of the distorted sector. Like the Pt contours, this difference is
consistent with the change in incidence shown in Fig. 4.3, though the percent change in Tt is less
than what was observed in Pt . We therefore conclude that a less abrupt transition in the the inlet
profile reduces the amount of distortion generation through the fan stage at all operating points.
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Figure 4.7: Fourier reconstructed traverses of Pt at stator inlet: 90° sector. Left: near-stall. Middle:
near-design. Right: choke.

4.4 Pt Distortion Transfer
Using Eq. 3.2, circumferential traverses of the time-averaged Pt at stator inlet for five
spans were reconstructed using the first 12 harmonic modes, which was shown by Peterson [13] to
accurately match the distortion profile and filter out any individual blade row perturbations. The
results were normalized by the clean Pt at the inlet. In addition to the traverses, the total amplitude
distortion descriptor was calculated. Use of the total amplitude distortion descriptor allowed for
quantitative comparisons to be drawn between the amount distortion transfer and generation for
the different inlet profiles and operating points.
Figures 4.7-4.8 show the circumferential traverses and total amplitude distortion descriptors
at five spans for the 90° shapes. First, the results for the 90° base case are investigated. Figure 4.7
shows that the largest variation in normalized Pt occurs at 10% span for all operating conditions.
The range in normalized Pt at 10% span are respectively 1.68 - 2.21, 1.65 - 2.15, and 1.60 - 2.14
for the near-stall, near-design, and choked operating points. From these results, we expect that the
most distortion transfer occurs at 10% span for all operating points. This is confirmed by Fig. 4.8,
which shows that 10% has the highest total amplitude for all operating points.
Figures 4.9-4.10 shows the circumferential traverses and total amplitude distortion descriptor at five spans for the 135° shapes. Comparison of Figs. 4.7-4.9 shows that the maximum
normalized Pt at 90% span is higher for 90° base than 135° base at the near-stall operating point.
Whereas the 90° base case reaches a maximum normalized Pt of 2.12, the 135° base case only
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Figure 4.8: Total amplitude plot of Pt at stator inlet: 90° sector. Left: near-stall. Middle: neardesign. Right: choke.

Figure 4.9: Fourier reconstructed traverses of Pt at stator inlet: 135° sector. Left: near-stall.
Middle: near-design. Right: choke.

reaches a maximum of 2.06, a 2.8% decrease. Additionally, Fig. 4.10 shows that for 135° base
near-stall the amount of distortion transfer at 90% span has decreased by 5.8% from what was
observed for 90° base near-stall.
Figure 4.9 shows that for 135° base the maximum normalized Pt at 10% span is is 2.15
for all operating points. Recall that for 90° base, the normalized Pt increased to 2.21 at near-stall.
However, no such increase is observed for 135° base at near-stall. This indicates that interactions
exist between the size of the distorted sector and the operating condition which determine the
amount of distortion transfer. This topic will be discussed in greater detail in the discussion section
of this chapter.
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Figure 4.10: Total amplitude plot of Pt at stator inlet: 135° sector. Left: near-stall. Middle: neardesign. Right: choke.

To investigate which operating condition is affected most by a less abrupt transition in
the inlet Pt distortion profile, the reduction between base and shape 2 of the normalized Pt total
amplitude distortion descriptor for 90° shapes (Fig.4.8) was computed at five spans. The values
from each span were used to compute the average percent reduction in distortion transfer for each
operating point. For the 90° shapes, the average reduction was 23.4%, 17.1%, and 15.7% for nearstall, near-design, and choke, respectively. Fig. 4.7 shows that the reductions mainly take place at
the local extrema, which is further illustrated by the Pt difference contours presented earlier. The
same trends were true for 135° shapes. This reduction in distortion transfer between the base and
shape 2 cases is consistent with the changes in incidence shown in Fig. 4.3. Recall that the greatest
change in incidence was observed at the near-stall operating point. We therefore conclude that the
near-stall operating point experiences the greatest reductions in distortion transfer of all operating
points considered.

4.5 Tt Distortion Generation
Figure 4.11 shows the time-averaged normalized Tt traverses at five spans for the 90 shapes.
The greatest difference between the operating points is the 90% span traverse. For choke, the
magnitude of 90% span is not significantly different than other spans. However, for near-design
and especially near-stall, the magnitude of the Tt increases significantly. This was also illustrated
in Fig. 4.6 where the HTT sector grew in radial extent and magnitude moving from choke to near-
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Figure 4.11: Circumferential traverses of Tt at stator inlet: 90° sector. Left: near-stall. Middle:
near-design. Right: choke.

stall. For the near-stall operating point, Fig. 4.11 shows that there are three local peaks occurring
at 220°, 260°, and 300° at 90% span. The maximum occurs at 260° and has a normalized Tt of
1.34. The fact that the maximum occurs outside the distorted sector can be understood by recalling
that the incidence for 90% span for near-stall reaches its peak outside the distorted sector (Fig.
4.3). Since the incidence is increased, the rotor must perform more work on the fluid as indicated
by the increased Tt .
Figure 4.12 shows the normalized Tt total amplitude distortion descriptor for the 90° shapes.
At near-design and choke, the highest amount of Tt distortion occurs at 10% span while at nearstall, all spans show a significant amount of Tt distortion with the highest amount being present at
90% span. For all spans and operating point, shape 2 causes a reduction in the normalized Tt total
amplitude. The average reduction in total amplitude was measured to be 0.015, 0.013, and 0.012
at near-stall, near-design, and choke, respectively, which mainly occurs near the local extrema
(Fig. 4.11). The same trend was true for 135° shapes. Like in the case of distortion transfer, it
is concluded that due to the reduction in incidence, a less abrupt transition reduces the amount of
distortion generation most for the near-stall operating point, followed by near-design and choke.

4.6

Variation in Local Power
Traverses of the circumferential variations in local rotor power are shown in Fig. 4.13.

Generally, the traverses have the same shape at all spans and operating points, though the magni-
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Figure 4.12: Total amplitude plot of Tt at stator inlet: 90° sector. Left: near-stall. Middle: neardesign. Right: choke.

Figure 4.13: Local power for the 90° and 135° sectors. Left: near-stall. Middle: near-design.
Right: choke. Top: 90° sector. Bottom: 135° sector.
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tude of the local work increases moving from hub to tip. For each span, there is a peak, a valley,
and an area where the local power remains relatively constant. The constant power areas correlate
to the clean or undistorted sector while the peak and valley correlate to the boundaries of the distorted sector of the Pt inlet profile. Spans near the hub (10% and 30%) generally are not affected
in terms of magnitude by the operating point. Higher spans (70% and 90%) increase in the amount
of local power moving from choke to near-stall. For instance, the average power for 90% span increases from 14.1 kW for the choked operating point to 19.2 kW for the near-stall operating point.
This follows the same trend described by the normalized Tt traverses.
It was shown in Fig 4.3 that a less abrupt transition between clean and distorted flow in
the inlet affects the maximum and minimum incidence for any given span. It logically follows
that the variations between the base and shape 2 local power traverses correspond to the variations
in the local extrema seen in the incidence profile. For 90° shapes, there is a 11.9% (1.20 kW)
and 5.1% (0.61 kW) reduction in the maximum power for 10% and 30% spans, respectively, at
near-design, while there is a 11.8% (1.25 kW) and 5.8% (0.74 kW) reduction in the same spans at
near-stall. Additionally, for 90% span, there is a 4.9% (1.01 kW) reduction in the maximum work
at near-design and a 4.6% (1.24 kW) reduction at near-stall.
Interestingly, at 90% span near-stall, shape 2 shows a 2.6% (0.45 kW) increase in local
power at 300° though there was a 3.5% (0.41°) reduction in incidence near the same circumferential
location. Similarly, at 70% span near-stall, there is a 2.5% (0.39 kw) increase in local power at
280°, though a 3.3% (0.36°) reduction in the incidence was seen near the same circumferential
location. A similar trend was observed in the Pt contours. These observations contrast the general
rule that a reduction in incidence results in a decrease in local power. This point will also be
investigated in the discussion section.

4.7

Discussion
In this section, we will discuss the flow physics behind some of the observed trends men-

tioned in the results section. In transonic fans, a significant portion of the static pressure rise is
due to the presence of shocks. Quantifying shock strengths is therefore vital to understanding the
flow physics. The strength of shocks is quantified using Eq. 4.3, where ∆P is the change in static
pressure across the shock and P1 is the static pressure before the shock.
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Figure 4.14: Absolute static pressure span cascade at 10% for the near-design operating point.
Top: 90° Base. Bottom: 135° Base. Note the shock which forms for the 90° base near-design case
as the blades exit the distorted region, but not for the 135° base near-design case.

Shock Strength =

4.7.1

∆P
P1

(4.3)

Differences At Near-Stall Operating Point in Pt Between 90° and 135° Shapes
We first investigate the difference observed between the 90° shapes and 135° shapes for

the near-stall operating point. Recall that the Pt contours showed that the tip HTP sector was
much stronger for the 90° shapes than that for the 135° shapes (Fig.4.4 - 4.5). As well, the Pt
circumferential traverses showed that the maximum normalized Pt at 10% span for both 90° and
135° shapes at all operating points was a near constant value of 2.15, with the exception of the 90°
near-stall case, which reached a maximum normalized Pt of 2.21 (Fig. 4.7 - 4.9).
We will first investigate the 10% span to understand why the 90° base near-stall case results
in a high maximum normalized Pt while the 135° base near-stall case does not. We begin by
investigating the flow physics within the distorted sector at 10% span for both distorted sector
sizes operating near-design. The static pressure cascade at 10% span for the 90° base profile is
shown in the top of Fig. 4.14. At the entrance to the distorted region (blade passages L - J), a low
58

pressure region begins to form on the suction sides of the blades. Beginning at passage I, a high
pressure region is seen moving along the suction surface toward the leading edge. Eventually, a
passage shock of strength 0.220 spanning approximately half of the pitch at 26.6% chord is formed
in passage G at the exit to the distorted region. As seen in the bottom of Fig. 4.14, the larger size
of the 135° distorted sector allots the rotor blades more time to respond to the low momentum fluid
in the distorted region. As a result, the passage shock moves further forward in the blade passage
to the extent that it merges with the bow shock by the time the blades exit the distorted sector
(blade passages F). This is consistent with the findings of Cousins [9] that for a given rotor a larger
distorted sector results in a greater dynamic response.
The cascades for 10% span near-stall cases are shown in Fig. 4.15. For 90° base (top), the
lower flow coefficient at near-stall causes the shock which forms in passage G to be much further
forward (13.0% chord) and stronger (0.311 strength) than what was observed for the 90° base neardesign case. The difference in shock position and strength explains why the 90° base case shows a
higher value in normalized Pt at 10% span than the near-design case (Fig. 4.7). For the 135° base
near-stall case (bottom), the shock moves forward till it merges with the bow shock, just as it did
for the near-design case. Hence, the larger size of the 135° distorted sector and consequent longer
time allotted to the passage shock to move forward prevents there being any major difference in the
maximum value of normalized Pt in the 10% span traverse between the near-design and near-stall
cases like was observed for the 90° distorted sector.
We now investigate the differences at 90% span for both sector sizes at the near-stall operating point. Figure 4.16 shows the 90° (top) and 135° (bottom) near-stall base cases. For both
cases, a high pressure region at the rotor exit forms two blade passages into the distorted sector.
These high pressure regions correspond to the high Pt regions observed in the Pt contour plots
circumferential traverses (Fig. 4.4, 4.5, 4.7, 4.9). For 90° base, the high pressure region extends
over three blade passages (passages I-G), while for 135° base, it extends over just two passages
(passages J-I). The difference between the two sector sizes can be understood by the same reasoning used to understand the differences at 10% span, that is, the position of the shocks when the
blades exit the distorted sector. We will analyze the last full passage in the distorted sector for each
sector size: passage H for 90° base and passage G for 135° base. For 90° base, there exists both
a bow shock and a passage shock, which hits the pressure surface at 19.2% chord. The presence
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Figure 4.15: Absolute static pressure cascade at 10% span for the near-stall operating point. Top:
90° base. Bottom: 135° base. Note the shock which forms for the 90 base near-stall cascade as the
blades exit the distorted region.

of two shocks contributes to the high pressure at the rotor exit. Though two shocks are present
for passages J and I for 135° base, the passage shock continues to moves forward since it is still
exposed to the low momentum fluid within the distorted sector. By passage G, the two shocks have
merged, resulting in a lower pressure at rotor exit. Therefore, the size of the distorted sector and
consequent location of the passage shock at the exit to the distorted sector contributes to the fans
response to the distorted region and hence the amount of distortion transfer.

4.7.2

Effect of Transition Abruptness on Pre-Stall Behavior
Recall that an increase in local power near 300° at 70% and 90% spans was observed for the

near-stall case (Fig. 4.13) while a reduction in incidence was also seen at the same circumferential
location at (Fig. 4.3). Generally, a reduction in incidence correlated to an reduction in local
power, not an increase like what is here observed. To investigate, entropy cascades (which aid in
visualizing shocks and blockage within the passage) at 90% span were generated for both the 90°
base and 90° shape 2 near-stall cases and are shown in Fig. 4.17. In the figure, blade passages share
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Figure 4.16: Absolute static pressure cascade at 90% span for the near-stall operating point. Top:
90° sector. Bottom: 135° sector.
the same name as blade whose suction surface is included in the passage. For instance, passage B
has blade B on the right and blade C on the left.
Boundary layer separation on the suction surface corresponds to where the shock impinges
the blade, as indicated by the regions of high entropy. This is due to the high pressure gradient
associated with the shock. Also, after exiting the distorted region (passages F through B) the
oblique shock detaches from the LE and becomes a normal shock, which causes separation to occur
closer to the LE on the adjacent blade’s suction surface as well as significant passage blockage, as
shown in the figure. Shock induced separation of the boundary layer is a common phenomenon in
turbomachinery flows and has been the subject of multiple studies [64–67].
For the 90° base case (top), the normal shock is detached 7.4% chord in front of the LE of
blade E causing separation to occur at 36.8% chord on the suction surface of blade D. This early
separation causes significant blockage and loss to occur in the passage as indicated in the figure.
This is also true for passage C, where the normal shock is detached 5.7% chord from the LE of
blade D, and causes separation to occur at 38.2% chord on the suction surface of blade C.
For the 90° shape 2 case (bottom), the normal shock does not move as far upstream after
detaching as what was observed for the 90° base case. For instance, the normal shock is 5.4%
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Figure 4.17: Entropy at 90% span for the near-stall operating point. Top: 90° Base. Bottom: 90°
Shape2.

chord upstream of the LE of blade E and 4.3% chord upstream of the LE of blade D. The result
is that separation does not occur until 39.1% and 39.5% on the suction surfaces of blade D and
C, respectively. Consequently, the blockage in passages D and C and consequent loss are not as
severe as what it was for 90° base.
The entropy cascades, taken with the other results at the beginning of this section, illustrate
that the blades are beginning to stall after they exit the distorted region (270°-360°). When not
close to stall, an increase in incidence increases the work done on the fluid. However, close to
stall, the opposite is true. Accordingly, a reduction in the incidence reduces the losses and allows
more work to be done on the fluid, which yields a higher pressure rise, as demonstrated in Fig.
4.17, 4.13, and 4.4.

4.8

Summary of Results
The purpose of this study was to determine the effect that a more gradual Pt gradient at the

boundary of the inlet distorted sector had on distortion transfer and generation at three operating
points: near-stall, near-design, and choked. As well, the effect of the circumferential size of the
distorted sector was investigated.
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The presence of the Pt distortion resulted in mass redistribution upstream of the fan and
ultimately variations in rotor incidence. A less abrupt transition was shown to diminish the local extrema observed in the incidence profile. The incidence was reduced most at the near-stall
operating point, followed by the near-design, and choked operating points.
A less abrupt transition in the inlet Pt profile reduced the amount of distortion transfer and
generation at all operating points. Using the Pt total amplitude distortion descriptor, the average
reduction in distortion transfer was 23.4%, 17.1%, and 15.1% for the near-stall, near-design, and
choked operating points, respectively. Similarly, the Tt total amplitude distortion descriptor at any
given span was reduced by 0.015, 0.013, and 0.012 for the same operating points.
A low Pt (LTP) and high Pt (HTP) form near the hub at the entrance and exit to the distorted
sector. These regions result from the variations in rotor incidence. The magnitudes of the LTP are
increased while that of the HTP are decreased due to a less abrupt transitions, which changes the
rotor incidence, as was previously described.
The circumferential size of the inlet distortion sector contributes in determining the amount
of distortion transfer for the near-stall operating point. This is due to the dynamic response of the
fan and consequent shock positions in the blade passage. For 90° shapes, a passage shock forms in
addition to the bow shock at the exit to the distorted sector. However, for 135° shapes, the passage
shock is exposed to the low momentum fluid in the distorted sector long enough to merge with the
bow shock.
Though generally a reduction in the maximum incidence (caused by a less abrupt transition
in the inlet Pt profile) causes a reduction in the maximum local power, this was not the case at the
near-stall operating point. At 70% and 90% spans, a decrease in incidence caused an increase in
local power after the rotor exited the distorted sector (270°-360°). The blades in this region are
beginning to stall. Consequently, a reduction in incidence reduced the loss and allowed for the
rotor to do more work on the fluid.
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CHAPTER 5.

RESULTS: STALL INCEPTION STUDY

This chapter contains the results of the stall inception study. The objective of this study is to
investigate stall inception in a transonic fan and understand how the presence of distortion affects
stall inception. URANS simulations will be employed to achieve this objective. The chapter is
organized as follows: First, the overall performance measures for all cases are presents. Next, the
near-stall and stalling behavior are investigated for the clean and distorted inlets. This is followed
by a discussions comparing the clean and distorted near-stall phenomena and mechanisms of stall
inception.

5.1

Overall Performance Measures
The pressure ratio and efficiency performance characteristics are shown in Fig. 5.1. Shown

are experimental data from [59] as well as the simulation results for cases of both clean and distorted inlet. The experimental data and simulation results for clean inlet show good agreement
for the pressure ratio characteristic. The simulated corrected mass flow and pressure ratio at stall
are 25.95 kg/s (0.6% higher than experiment) and 1.96 (2.9% lower than experiment), respectively. The simulation under-predicts the the maximum pressure ratio by 2.1%. Moving from
design toward stall, the pressure ratio for the clean simulations drop slightly from 1.98 to 1.96
(0.8%), whereas no such drop is seen in the experimental data. The efficiency of the fan stage
is under-predicted at all operating points by approximately 4%, though the general shape of the
characteristic is consistent with that of the experimental data.
Figure 5.1 also shows results from Unrau [22] and List [68] who also ran simulations on
Rotor 4. Generally, all simulations for a clean inlet follow the same general trend, however those
obtained for this thesis match the experimental operating range best. At the stall point, Unrau
obtained a corrected mass flow and pressure ratio of 25.98 kg/s (0.7% higher than experiment) and
2.02 (0.0% error from experiment), respectively, whereas List obtained 26.71 kg/s (3.6% higher
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than experiment) and 2.03 (0.3% higher than experiment). The simulations performed for this
study resulted in a better corrected mass flow than that obtained by Unrau and List, but also a
slightly worse pressure ratio at the stall point.
The simulation results show that the presence of inlet distortion reduces the stall margin by
33.2%. The corrected mass flow rate and pressure ratio at stall are 26.57 kg/s and 1.93, respectively.

5.2

Clean Inlet
The clean inlet is first explored to identify the stalling behavior in the fan. This allows al-

lows for distinction to be drawn between stall and distortion phenomena when distortion is present.
The near stall behavior of the fan will first be investigated. The last stable simulation before significant drops in both pressure rise and mass flow is used as the near stall point. Since spike type stall
is a tip critical phenomena, cascades of axial velocity and entropy at 99% span will be used to investigate the near stall behavior. Once this is done, the fan will be throttled into stall to investigate
stall inception.

5.2.1

Near Stall
Figures 5.2 and 5.3 show the axial velocity and entropy at 99% span for multiple time steps

over two blade periods. Shown are blade passages from approximately 105° - 195° circumferentially, but all blade passages demonstrate the same phenomena. In the figures, T refers to the
blade passing period. After investigation, it was determined that three images per blade period was
adequate to illustrate the observed near-stall phenomena. Blade passages L, M, and N share the
same name as blade whose suction surface is included in the passage (the bottom blade in each
passage). Dashed lines connect the LE of the same blade from 0/3T to 6/3T in time.
The detached bow shocks in front of each blade are identified by the sudden decrease
in axial velocity. On average, the bow shock is located 10.7% chord upstream of the leading
edge (LE) of the blade. The shock remains relatively stationary, though the position deviates by
approximately 1.0% chord throughout the two periods. Hah [18, 52] found that the detached bow
shock interacts with the tip clearance vortex which leads to LE spillage.

65

Figure 5.1: Pressure rise (top) and efficiency (bottom) characteristics of experimental data and
simulation results for cases of clean and distorted inlet.
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Figure 5.2: Cascades of axial velocity at 99% span at various times over two blade periods for the
clean inlet near-stall operating point.

Figure 5.3: Cascades of entropy at 99% span at various times over two blade periods for the clean
inlet near-stall operating point.

LE spillage occurs when reversed flow gathers on the pressure surface of a blade and flows
around the LE into the adjacent blade passage. In Fig. 5.2, this is illustrated by reversed flow (green
or blue) in front of the blade LE. LE spillage is one of the criteria for a passage to be considered
stalled [51]. There are also sectors of reversed flow within the passage. As the blades move, these
reversed flow sectors move downstream along the pressure surface of the blade (Fig. 5.2). Though
there is LE spillage in some passages, there is no significant reversed flow at the trailing edge of
any blade passage; as such, no passages have stalled.
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The tip clearance vortex is visible in Fig. 5.3. For each blade, there is a trail of higher
entropy fluid (green) connected to the LE and extending downstream along the suction surface. As
will be seen, the tip clearance vortex is a key element of the near-stall behavior and stall inception
process of the fan.
Using Fig. 5.2 and 5.3, blade passage L will be followed to illustrate the near stall behavior.
At time 0/3T , we see two high entropy sectors within the passage, labeled V1 and V2. At this
instance, there is LE spillage around blade L (Fig. 5.2). At time 1/3T , we observe that V1 has
begun to breakdown and move downstream. As well, we see that the LE spillage has strengthened
the tip clearance vortex, as evidence by the increase in entropy (Fig. 5.3). At time 2/3T , V1 has
disappeared and V2 has begun to move towards the pressure surface of blade M, where V1 was
originally positioned. By time 3/3T , LE spillage across blade L has stopped (Fig. 5.2). As well,
we see the formation of another high entropy sector, V3, which forms near the original position
of V2. V3 seems to have grown out of the tip clearance vortex. Shortly after spillage stops, V2
reaches the pressure surface of the adjacent blade. At time 4/3T , V2 has increased in severity,
which correlates to a stoppage of LE spillage across blade M (Fig. 5.2). At time 5/3T , LE spillage
across blade L resumes, and the process repeats.
To determine what the nature of the high entropy sectors (V1-V3) observed in Fig. 5.3, the
velocity vectors colored with entropy were plotted at 99% span. This is shown in Fig. 5.4. The
high entropy sectors are shown to be vortices, as evidenced by the velocity vectors curving about
the vortex centers. V2 rotates clockwise while V3 rotates counter-clockwise.
As mentioned previously, V2 increasing in severity correlates to a stoppage of LE spillage
across blade M. Now that V2 is known to be a vortex, a physical explanation of this correlation is
possible. The increase in strength of the V2 vortex as it approaches the pressure surface explains
the increase in entropy observed, as per Crocco’s Theorem, which relates vortex strength to entropy. With a strong vortex at the pressure surface and near the LE, the low momentum fluid near
the blade LE is moved downstream and LE spillage is reduced. This is also seen in Fig. 5.4 in
blade passage K.
These observations of the near-stall behavior are consistent with those of Ju and Ning [19]
who studied the pre-stall behavior in the NASA Rotor 67 transonic stage. They attributed the
formation of what we have called the V1-V3 vortices within the blade passage to the periodic
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Figure 5.4: Velocity vector plot at 99% span colored with entropy at time 4/3T .

deformation of the tip clearance vortex (Fig. 2.19). This was also seen in our analysis as V3
grew out of the tip clearance vortex. Due to the observed periodic nature, we can conclude that
the V1-V3 vortices result from the breakdown of the tip clearance vortex. The upstream position
of the bow shock and consequently its interactions with the tip clearance vortex contribute to the
breakdown of the end of the tip clearance vortex. The axial position of the V1-V3 vortices within
the blade passage is therefore determined by the position of the detached bow shock.
From the foregoing analysis, we conclude that the unsteady phenomena at this operating
point can be described by the following sequence. First, there exist two vortices within the blade
passage: V1 near the pressure surface of the adjacent blade and V2 near mid-pitch. These vortices
are the result of periodic deformation of the tip clearance vortex, caused by interactions with the
detached bow shock. As time progresses, V1 moves downstream and dissipates, while V2 moves
to occupy V1’s original position. Simultaneously, LE spillage strengthens the tip clearance vortex.
Eventually, LE spillage is reduced and the end of the tip clearance vortex breaks down to forms
another vortex, V3, located near mid-pitch (V2’s original position). As V2 reaches the pressure
surface of the adjacent blade, the vortex strengthens and reduces LE spillage on the adjacent blade
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Figure 5.5: Axial velocity (top) and entropy (bottom) cascades at 99% span 1.50 W after the nozzle
area has been changed to initiate stall inception.

passage. Eventually, LE spillage resumes and the process repeats. As will be seen later, this
sequence continues throughout the stall inception process.

5.2.2

Stall Inception
The nozzle area was reduced by 1% from the stable near-stall operating point to initiate

stall inception. The flow physics associated with a change in nozzle area require approximately
one blade revolution to propagate upstream. Figure 5.5 shows axial velocity and entropy cascades
at 99% span 1.50 W (revolutions) after the reduction in nozzle area. By this time, significant
differences from the near-stall operating point are observed. Just as for the near-stall analysis, only
blade passages from 105° - 195° are shown, but all passages demonstrate the same phenomena.
From Fig. 5.5, the mean bow shock position is 19.6% chord upstream of blade LE, nearly
twice as far upstream of the LE as what was observed at the near-stall point. As well, the sectors
of reversed flow have grown in circumferential size to extend nearly 75% of the blade passage.
As these sectors convect downstream, they grow in circumferential extent so that they span the
entire blade passage near the TE. This is seen in passages M, L, and K in the figure. As well,
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the reversed flow has further decreased by approximately 40 m/s, as illustrated by the deeper blue
within the reversed flow sectors. LE spillage has also increased, particularly for blades M and L.
With this increase in LE spillage, the tip clearance vortex has grown in strength (approximately 50
kJ/(kg*K), as evidenced by the deep red in the entropy plot for the same passages. The periodic
breakdown of the tip clearance vortex, as was described in the previous section, continues, as
indicated in the figure.
Stall inception occurs between 2.50 W and 2.70 W after the change in nozzle area. Figure
5.6 shows multiple axial velocity and entropy cascades at 99% span at a 0.05 W interval, which
corresponds a single blade period. To illustrate, blade N at 2.55 W is blade M’s position at 2.50 W.
Passage L will be followed to illustrate stall inception. From the entropy plot, at 2.50 W,
we see the V1 and V2 vortices in the blade passage, as we did at the near-stall point. The bow
shock has moved further upstream that it was at 1.50 W to now be 25.7 % chord upstream of the
LE. This advanced position of the bow shock causes the end of the tip clearance vortex to break
down earlier in the blade passage. In the figure the resulting vortex is labeled V3. At 2.60 W,
V2 has convected toward the pressure surface of the blade M. At near-stall, V2 would meet the
pressure surface near the LE and reduce the LE spillage in the adjacent blade passage. However,
the advanced upstream position of the bow shock results in low-momentum fluid in the front part
of the blade passage [18, 52]. As a result, part of V2 passes in front of the blade LE. Consequently,
there is nothing to hinder spillage across the leading edge of blade M, which is visible at 2.65 W.
This pattern of the vortex passing in front of the LE of the adjacent blade continues as the
stall cell continues to develop. To demonstrate this, we will follow V3 in passage L from 2.708 W
to 2.750 W in Fig. 5.7 which shows entropy cascades from at six evenly spaced intervals. Blades
L and M are connected via dotted lines.
At 2.708 W, V3 is approaching blade M. By 2.725 W, V3 is in front of the LE of blade M. At
2.733 W, V3 begins to pass in front of the LE. As it does so, the vortex appears to be strengthened,
which continues through 2.75 W. The result is increased LE spillage and the growth of tip stall.
Based on the vortex trajectory and strengthening as it passes in front of the LE, it appears that the
vortex structure resembles that present in low-speed machines [17], namely a radial vortex that
results from separation from the suction surface near the LE. To confirm this, a radial vorticity
cascade at 99% span was plotted for the same passages L and M at 2.75 W, as shown in Fig.
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Figure 5.6: Axial velocity (left) and entropy (right) cascades at 99% span presented every 0.05 W
illustrating stall inception for a clean inlet.

5.8. A radial vortex is seen to extend from the LE of blade L across the blade passage, which is
consistent with what was described by Pullan. Unrau [22] was the first to observe a radial vortex in
a high speed machine, though he emphasized that they were not part of the stall inception process.
Our findings confirm Unrau’s conclusion since stall inception occurs before the formation of these
radial vortex structures.
Tip stall continues to develop for another half revolution. As shown in Fig. 5.9, tip cell
extends approximately 17% span radially and across the entire circumference.
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Figure 5.7: Entropy cascades at 99% span for six instances from 2.708 W to 2.750 W.
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Figure 5.8: Radial vorticity cascade at 99% span at 2.75 W. Passages L and M are shown.

Figure 5.9: Axial velocity at 50% axial chord and 99% span at 2.75 W illustrating the radial and
circumferential extent of the tip stall.
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We therefore conclude that the stall inception process when no distortion present is as
follows. First, the detached bow shock moves further upstream. Interactions between the bow
shock and the tip clearance vortex cause the end of the tip clearance vortex to break down, as was
observed at the near-stall point. The vortices resulting from this convect across the blade passage,
as is also observed at the near-stall point. However, due to the advanced position of the shock and
resultant low-momentum fluid behind the shock, the vortices pass in front of the blade. This leads
to an increase in LE spillage and the growth of a stall cell.

5.3

Distorted Inlet
The near-stall operating point for the distorted inlet simulations will now be investigated.

The mass redistribution upstream of the rotor will first be examined, followed by a similar investigation of the near-stall flow behavior that was performed for the clean near-stall simulation. The
stall inception of the fan with distortion present will then be shown.

5.3.1

Mass Redistribution Upstream of the Rotor
As the flow approaches the rotor, there is mass redistribution caused by the inlet distortion

profile. This redistribution ahead of the rotor affects blade incidence.
At the rotor inlet, there is a static pressure variation similar in shape to the Pt circumferential
variation at the aerodynamic interface plane (AIP). Likewise, Fig. 5.10 shows at the rotor inlet,
the boundaries of the Pt distorted sector are not as clearly defined as what was seen at the AIP.
This indicates that there has been mass redistribution between the AIP and rotor inlet. The static
pressure gradient creates a force imbalance that must be resolved. In the inlet duct, this force
imbalance in the fluid causes a mass redistribution around the circumference and across the center
of the duct, essentially inducing a swirl distortion before the flow reaches the rotor [11].
As a result of the pressure gradient and subsequent mass redistribution, regions of co-swirl
and counter-swirl form at the boundaries of the distorted sector. Previous studies [4, 5, 34, 35]
show that these regions of pressure-induced swirl cause high incidence at the rotor tips and, as
demonstrated by Perovic et al. [21], these variations in incidence dictate where stall inception is
likely to begin.
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Figure 5.10: Pt distribution at the rotor inlet. The boundaries of the sector are not as defined as at
the AIP, indicating mass redistribution.

Figures 5.11, 5.12, and 5.13 show the swirl, incidence, and axial velocity at two spans.
Since spike type stall inception is a tip critical phenomenon, 99% span is plotted. To determine
which phenomena are unique to the tip region, 70% span is also plotted. For reference, the boundaries of the distorted sector are 145° and 235°.
Figure 5.11 shows regions of co-swirl (positive) before the distorted sector boundary at
145° and counter-swirl (negative) outside the distorted sector boundary at 235° with the maximum
and minimum occurring at the boundaries for both spans. Figure 5.12 illustrates the effects of mass
redistribution on incidence. For 70% span, we observe incidence between 8° and 11° outside of
the distorted sector. However, there is a sharp increase in incidence up to 17° upon entering the
distorted sector followed by an abrupt decline to 10° upon exiting. Thus, we observe the peak
incidence occurring approximately at the 145° and 235° boundaries of the distorted sector. This
rise in incidence correlates to the decrease from around 205 m/s to 145 m/s in axial velocity seen
throughout the distorted sector at 70% span as illustrated in Fig. 5.13. This is consistent with the
findings from prior studies [4, 5, 21, 34, 35].
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Figure 5.11: Swirl at 70% span and 99% span at the rotor inlet for the distorted inlet near-stall
operating point.

There is a distinct difference in axial velocity and incidence distributions between the two
spans. Fig. 5.13 illustrates that there is no observable deficit in axial velocity for 99% span within
the distorted sector like there is for 70% span. In fact, a maximum axial velocity value of 195 m/s
is reached within the distorted region. The axial velocity increases steadily from 172 m/s at 0°
to its maximum of 195 m/s at 180° before decreasing from that point. Upon exiting the distorted
sector near 240°, the distribution is similar to what is observed at 70% span and a minimum axial
velocity of 165 m/s is reached around 310°. These differences correlate to what we observe in
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Figure 5.12: Incidence at 70% span and 99% span at the rotor inlet for the distorted inlet near-stall
operating point.

incidence at 99% span as shown by Fig. 5.12. There is no longer a sharp change in incidence at
the distorted sector boundaries. Rather, we observe a minimum incidence of 11.5° occurring at
approximately 180°, within the distorted sector, with a steady rise in incidence until a maximum
of 15° occurring outside of the distorted sector.
It is interesting that the peak incidence occurs outside of the distorted sector for 99% span.
This may be explained by considering the unique distortion profile used in this study. As illustrated
in Fig. 3.9, there is a radial distortion gradient near the casing. This results in the distortion near
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Figure 5.13: Axial velocity at 70% span and 99% span at the rotor inlet for the distorted inlet
near-stall operating point.

the blade tip after 90% span being less severe than that of lower spans. This contrasts with constant
distortion profiles that extend to the casing as used in other studies [44, 69]. As well, it should be
acknowledged that tip clearance flows (which exist at 99% span an not 70% span) may or may not
be influenced by the distortion pattern. In any case, because the highest incidence is found from
270° to 330°, this is where we expect to observe stalling phenomena in the annulus.
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Figure 5.14: Cascades of axial velocity at 99% span at various times over two blade passages for
the distorted inlet near-stall operating point.

5.3.2

Near Stall
Figures 5.14 and 5.15 show the axial velocity and entropy at 99% span for multiple time

steps over two blade periods. Shown are the blades from approximately 270° to 360° circumferentially, which corresponds to area of high incidence shown in Fig. 5.12. Near-stall behavior was
only observed in this high incidence region of the annulus. It was necessary that a different scale be
used for the entropy plot in Fig. 5.15 than what was used in Fig. 5.3 to bring out the tip clearance
vortex and other vortices within the blade passage.
Blade passages D and C will be followed over the two blade periods to illustrate the nearstall behavior. At time 0/3T , Fig. 5.14 shows that the bow shock (which is indicated by the sudden
decrease in axial velocity) has detached by 18.8% and 17.1% chord upstream of the LE of blades
E and D, respectively. By time 6/3T , the shocks on these same blades have receded to 15.3% and
14.6% chord upstream. Therefore, during these two blade periods, the shock ranges from being
3.9% to 8.1% chord more detached than was observed for the clean inlet near-stall case. Stalling
phenomena (LE spillage or reversed flow at the TE) are observed in this region of the cascade
where the shock is far detached from the LE. When the shock recedes closer to the LE, we do
not observe stalling phenomena. This is consistent with the observations of Hah et al. [18, 52]
that interactions between the detached bow shock and the tip clearance flows are precursors of
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Figure 5.15: Cascades of entropy at 99% span at various times over two blade passages for the
distorted inlet near-stall operating point. Note that the scale is different than what was used for the
clean inlet for clarity.

stall inception. As a result of the upstream position of the detached bow shock, there is more low
momentum fluid in the front of the passage, making LE spillage more likely.
Figure 5.15 shows that the entropy distribution changes significantly in blade passage D
over the two periods. Passage D was chosen because it is here that we first observe the same
unsteady near-stall phenomena that was seen for the clean inlet. By time 2/3T , the original large
high entropy sector (V1) has condensed in size and is concentrated near the pressure surface of
blade E. This high entropy sector is a vortex, as was shown in the clean near-stall section. The LE
spillage across blade D strengthens the tip clearance vortex in the passage. Interactions with the
detached bow shock lead to the breakdown of the end of the tip clearance vortex and the formation
of a second vortex (V2) near the middle of the blade passage. V2 continues to develop and becomes
most severe at time 4/3T , when spillage across blade D is diminished. At this same instance, V1
has moved to the pressure surface of blade E. By 5/3T , V1 strengthens and causes LE spillage to
diminish across blade E.
A similar trend is observed in blade passage C. V1 and V2 are visible at time 3/3T . LE
spillage from blade C is reduced after 3/3T . V1 becomes more severe and diminishes LE spillage
over blade D starting at 4/3T , as was previously observed in the analysis of passage D.
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The sequence described above (breakdown of the end of the tip clearance vortex due to
interactions with the bow shock) was observed both for clean and distorted inlet at the near-stall
point. Since the same near-stall behavior is observed for both cases (albeit in an isolated region for
the case of distortion) we conclude that the presence of distortion does not change the mechanisms
of stall inception in the fan.
At time 6/3T , Fig. 5.14 shows that there is LE spillage over blades C-F. As well, significant
reversed flow is observed at the TE plane of passages B-E. Since both criteria for stall have been
satisfied for blade passages B-E, they are considered stalled. Even though the entire fan has not
stalled, a stall cell can be present at the near-stall point, as was shown by Perovic et al. [21].
However, this stall cell is not yet rotating. Figure 5.16 shows axial velocity at the blade TE. A stall
cell is seen in passages B-E which on average extends 7.5% span radially, with the cell being the
most severe in passage C. This contrasts with the near-stall operating point for the clean inlet case
where no passages were stalled.

5.3.3

Stall Inception
The nozzle area was reduced by 1% from the stable near-stall operating point to initiate stall

inception. For the first blade revolution, the flow through the rotor generally remained unchanged
as the physics associated with a change in nozzle area propagated upstream. After this first full
rotor revolution, the flow begins to change drastically as the stall cell which was present at the nearstall point intensifies, grows circumferentially, begins to rotate, and then grows axially. Figure 5.17
illustrates the stall inception process with snapshots of axial velocity at every 0.25 wheel, beginning
at 1.00 wheel after the nozzle area has been changed. The full circumferential extent is shown.
At 1.00 W, there are three stalled passages located from 270° to 315°. These correspond
to the same passages that were stalled at the near-stall operating point. By 1.25 W, the stall cell
intensifies, as evidenced the reversed flow at the TE of these passages and reversed flow within
increasing within the blade passage.
Circumferential growth in the stall sector is seen from 1.50 W to 2.00 W. By 2.00 W, there
is reversed flow in all of the blade passages, though not all have stalled. The stall cell extends
from 270°-135°, since this is where LE spillage and reversed flow at the TE is observed. Within
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Figure 5.16: Axial velocity at the TE of the blade at time 6/3T .

these passages, nearly all of the flow in the passage is reversed. The stall cell is also identifiable
by advanced positions of the shocks.
At 2.25 W and 2.50 W, the stall cell has grown in the axial direction, as evidenced by
the increase in reversed flow upstream and downstream of the blade row. Whereas previously
the reversed flow had not extended far upstream of the LE, at 2.50W, there is now reversed flow
extending up to 59% axial chord upstream of the LE near the exit from the distorted sector (near
225°). During this time, the stall cell has rotated and grown circumferentially to now extend from
80° to 270°. The shock structure upstream of the blades has further deteriorated so that there is no
regular shock pattern in front of the stall cell at 99% span. Figure 5.18 shows that the radial extent
of the stall cell has more than doubled in size and now extends 18.7% span radially. Though the
presence of distortion has not changed the mechanisms of stall inception (interaction between the
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Figure 5.17: Axial velocity cascades presented every 0.25 W illustrating stall inception when
distortion is present.

detached bow shock and tip clearance vortex), the high incidence region resultant by the presence
of distortion serves as the catalyst for the formation of a rotating stall cell.

5.4

Discussion: Clean vs. Distorted Inlet
From the foregoing results, it is clear that there are similarities and differences in the near-

stall behavior and stall inception for cases of clean and distorted inlet. The near-stall behavior
was characterized by interaction between the detached shock and the tip clearance vortex for both
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Figure 5.18: Axial velocity at 50% axial chord illustrating the stall cell at 2.50 W.

cases. These interactions between the shock and tip clearance vortex contribute to the breakdown
of the end of the tip clearance vortex [19], which forms vortices that influence the spillage across
the LE. Stall inception occurs when these vortices are far enough upstream that they do not reduce
the LE spillage across the adjacent blade.
The main difference between the two cases lies in the severity stalling phenomena (LE
spillage and reversed flow at the TE) at the near-stall point. This is attributed to the position of the
detached bow shock. For the clean case, there is near uniform incidence at the tips. As a result,
the mean shock position is 10.7% chord upstream of the blade LE. This allowed for periodic LE
spillage, but no reversed flow at the TE. However, the presence of distortion resulted in a variation
in incidence at the blade tips. A high incidence region extended circumferentially from 270° to
330°at 99% span. The high incidence region resulted in the bow shock being positioned further
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upstream than what was observed for the clean case. Shock positions ranged from 14.6% to 18.8%
chord upstream from the blade LE in this high incidence area. As a result of this advanced shock
position, the low-momentum fluid behind the shocks was located further upstream in the blade
passage, making LE spillage was more likely. At the near-stall point, a stall cell (extended 7.5%
radially and covering three blade passages) was observed for the distorted case, whereas no stall
cell was observed when no distortion was present.

5.5

Summary of Results
This study focused on understanding how the presence of inlet distortion affected stall in-

ception in a transonic fan. Both cases of clean (uniform) inlet and distorted inlet were investigated.
The overall performance measures from the numeric simulation for the clean inlet matched
well with the experimental data. The simulation predicted stall at a corrected mass flow 0.7%
higher and a pressure ratio 2.9% lower than at the experimental data. The efficiency of the stage
was under-predicted by approximately 4% at all operating points, though the general shape was
consistent with experimental results. The presence of inlet distortion caused a 33.2% reduction in
the stall margin.
Investigation of the clean inlet started at the near-stall point. The mean bow shock was
detached by 10.7% chord from the blade LE. This forward position of the shock lead to interactions
with the tip clearance vortex. These interactions caused periodic deformation of end of the tip
clearance vortex, which resulted in multiple vortices within the blade passage. These vortices
would convect toward the pressure surface of the adjacent blade. Upon arriving at the pressure
surface, the vortex was strengthened and spillage across the blade LE was reduced.
From the near-stall point, the downstream nozzle was reduced to simulate stall inception of
the fan. After 2.50 W (revolutions), the bow shock was 25.7% chord upstream of the LE. Due to
this advanced position, the vortices resulting from the shock/tip clearance vortex interaction were
also more upstream that they were at the near-stall point. Instead of hitting the pressure surface of
the adjacent blade, the vortices passed in front of the blade LE. As a result, there was nothing to
hinder LE spillage in the adjacent passage. LE spillage increased and a stall cell was formed.
The presence of distortion resulted in circumferential variation in the incidence near the
blade tips. A region of high incidence resulted from 270°-330° circumferentially. This high inci86

dence region was investigated at the near-stall point. The bow shock ranged from being 3.9% to
8.1% chord more upstream than what was seen for the clean near-stall point. As such, interactions
with the tip clearance vortex were more severe and there was a stall cell spanning three blade passages and extending 7.5% span radially. Periodic deformation of the end of the tip clearance vortex
was also observed, showing that the mechanisms of stall inception did not change when distortion
was present.
Like was done with the clean inlet, the fan with a distorted inlet was pushed into stall by
reducing the nozzle area. The stall cell present at the near-stall point grew in intensity as there
was much more reversed flow within the passage. After this, it grew circumferentially to extend
from 270° - 135° 2.00 W after the change in nozzle area. After this, the stall cell began to rotate
and grew in the axial direction to extend 59% axial chord upstream of the LE. As well, the stall
cell grew to extend 18.7% radially. The high incidence region caused by the presence of distortion
serves as a catalyst for the formation of a rotating stall cell.
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CHAPTER 6.

CONCLUSIONS AND ACKNOWLEDGEMENTS

This chapter contains the major conclusions from the two studies presented in this thesis.
Section 6.1 presents the conclusions from the transition abruptness study, which investigated the
effects of a less abrupt Pt gradient at the boundary of the inlet distorted sector on distortion transfer and generation through a transonic fan at various operating points. The results of this study
demonstrate the benefits of a less abrupt transition on fan performance, particularly at the nearstall operating point. Likewise, Section 6.2 contains the conclusions from the stall inception study.
This study aimed to investigate the effect of inlet distortion on the mechanisms of stall inception
in a high performance transonic fan. This study marked the first time that stall inception between
clean and distorted inlets had been directly compared. As well, a better understanding of the mechanisms of stall inception in high speed machines in general was achieved. The results from this
study can guide in the development of stall prevention technology. Following the two conclusion
sections, future work will be proposed.

6.1

Transition Abruptness Study Conclusions
The effects that a less abrupt Pt gradient at the boundary of the inlet distorted sector had

on pressure induced swirl, distortion transfer, distortion generation and local power variation in
a transonic fan was investigated for various operating points. This was done using full annulus
URANS simulations of PBS rotor 4. Variations of a 90° and 135° distorted sector, with an increasingly more gradual Pt gradient at the boundary of the distorted sector were used as the inlet profile.
Results were analyzed at 5 radial spans ranging from 10% to 90% span.
As a result of the inlet Pt distortion, mass is redistributed ahead of the rotor, causing regions
of co-swirl and counter-swirl and consequently variations in rotor incidence. The result of a less
abrupt transition between the clean and distorted regions in the inlet profile is to diminish the local
extrema in the incidence profile. At any given span, the incidence is affected most for the near-
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stall operating point, followed by the near-design and choke operating points. The greatest effect
is observed at 10% span, where the minimum incidence is increased by 20.7% (2.46°) and the
maximum incidence is decreased by 4.84% (0.42°) at the near-stall operating point, compared to
19.9% (2.38°) and 3.26% (0.21°) at near-design and 19.7% (2.37°)% and 3.54% (0.21°) at choke.
A less abrupt transition reduces the amount of distortion transfer and generation. This is
most pronounced at the near-stall operating point, followed by near-design, and finally choke. The
average reduction in the Pt total amplitude distortion descriptor at any span was 23.4%, 17.1%,
and 15.7% for the near-stall, near-design, and choke operating points, respectively. The Tt total
amplitude distortion descriptor at any given span was reduced by 0.015, 0.013, and 0.012 for the
same operating points.
The circumferential size of the inlet distortion sector plays a role in determining the amount
of distortion transfer for the near-stall operating point, due to the dynamic response of the fan.
For 90° shapes, a passage shock forms in addition to the bow shock at the exit to the distorted
sector. However, for 135° shapes, the passage shock is exposed to the low momentum fluid in the
distorted sector long enough to merge with the bow shock. Therefore, the size of the distorted
sector and consequent location of the passage shock at the exit to the distorted sector contributes to
the pressure profile at the rotor exit and hence the amount of distortion transfer. This is particularly
true at the near-stall operating point at 90% span where the amount of distortion transfer has
decreased by 5.8% for 135° shapes compared to what was observed for 90° shapes.
Generally, the reduction in the maximum incidence resultant from a less abrupt transition
causes a reduction in the maximum local power. For instance, there is a 11.9% (1.20 kW) and 5.1%
(0.61 kW) reduction in the maximum power for 10% and 30% spans, respectively, at near-design,
while there is a 11.8% (1.25 kW) and 5.8% (0.74 kW) reduction in the same spans at near-stall.
However, for the near-stall case at 90% spas, a less-abrupt transition causes a 2.6% (0.45 kW)
increase in the local rotor power after the rotor exits the distorted sector (270°-360°) even though
there is a 3.5% (0.41°) decrease in the rotor incidence at the same circumferential location. The
blade in this region are beginning to stall. As such, due to the reduction in the incidence, a less
abrupt transition in the inlet profile reduces the losses and allows more work to be done on the
fluid, which yields a higher pressure rise.
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6.2

Stall Inception Study Conclusions
This study investigated the effect of inlet distortion on the mechanisms of stall inception in

a high performance transonic fan using full annulus URANS simulations. To the author’s knowledge, this was the first study that directly compared stall inception with a clean and distorted inlet.
The 90° base distortion profile (from the previous study) was used as the distorted inlet. A variable
area nozzle was used to dictate the operating point and allow for stall inception without numerical
instabilities.
Investigation of the clean near-stall operating point demonstrated the behavior of the fan.
The mean bow shock had detached from the blade LE by 10.7% chord. Interactions between the
shock and the tip clearance vortex caused the periodic deformation of the tip clearance vortex.
This is demonstrated by the following sequence. In a given blade passage, there are two vortices,
identified as V1 and V2, which exist near the front of the passage. V1 lies close the pressure
surface while V2 lies about mid-pitch. As the rotor moves, V1 dissipates and moves downstream,
and V2 begins to move toward the pressure surface. Simultaneously, LE spillage strengthens the
tip clearance vortex. Interactions with the detached bow shock leads to the growth of another
vortex, V3, from the end of the tip clearance vortex. V3 ultimately takes the original position of
V2. When V2 reaches the pressure surface of the adjacent blade, it increases in severity, moves
the low momentum fluid behind the bow shock downstream, thereby reducing LE spillage into the
adjacent blade passage. Eventually, LE spillage resumes and the process repeats.
2.50 W after the nozzle area is reduced to push the fan into stall, the bow shock has moved
to 25.7% chord upstream of the LE. Because of this advanced position, the vortices resulting from
the shock/tip clearance vortex interaction were also more upstream than what was observed at
the near-stall point. Consequently, the vortices pass in from of the adjacent blade LE rather than
impacting the pressure surface. As a result, nothing hinders LE spillage into the adjacent passage
and a stall cell is formed. Though previous studies had investigated the shock/tip clearance vortex
interactions at the near-stall point, this was the first study to show that stall inception occurs when
the vortices pass in front of the blade LE rather than impacting the pressure surface. This insight
into the mechanisms of stall inception will enable appropriate measures to be taken to delay stall
inception and extend the stable operating range of the fan.
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The presence of Pt distortion at the inlet induces mass redistribution upstream of the rotor. As a result, the local rotor incidence varies around the annulus, especially at the near-stall
operating point. Near the blade tips (99% span), the highest incidence of 15° occurs over the
range of 270°-330°. Within this high incidence region, the bow shock ranged from being 3.9% to
8.1% chord more upstream than what was seen for the clean inlet near-stall point. Consequently,
the interactions between the shock and the tip clearance vortex were more severe and a stall cell
spanning three passages and extending 7.5% radially was present at the near-stall point. Periodic
deformation of the end of the tip clearance vortex was also observed just as it was for the clean inlet
near-stall case. This shows that the mechanisms of stall inception do not change when distortion
is present.
Like was done with the clean inlet, the fan with distorted inlet was pushed into stall by
reducing the nozzle area. 2.00 W after this change in nozzle area, the stall cell grew to extended
from 270° - 135° circumferentially. Shortly after this, the stall cell began to rotate and grew
in the axial direction to extend 59% axial chord upstream of the LE and 18.7% span radially.
Thus, though the mechanisms of stall inception are the same for a clean and distortion inlet, the
high incidence region (which is caused by distortion) serves as the catalyst for the formation of a
rotating stall cell.

6.3

Future Work
The work of this thesis could be expanded and explored further, as outlined here:
It was implied in the transition abruptness study that a less-abrupt transition at the bound-

aries of the distorted sector reduced the pre-stall behavior near the blade tips. This suggests that
a less-abrupt transition should extend the stall margin of the fan. However, due to the limitations
of the computational set up (fixed back pressure rather than variable area nozzle) this could not
be confirmed. Similar to the stall inception study of this thesis that compared stall inception with
a clean and distorted inlet, a future study should investigate the effect of a less abrupt transition
on stall inception and the stall margin of the fan. Variants of the 90° and 135° distorted sectors
should be used. Simulations for 90° were begun but were not completed due to time constraints.
However, the current results indicate that the stall margin is extended significantly by a less-abrupt
Pt gradient at the boundary of the distorted sector.
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The stall inception study has provided a more complete understanding of the mechanisms
of stall inception. However, only one fan geometry was tested. In order to know what aspects
of stall inception are applicable to all transonic fans and which are unique to rotor 4, multiple
geometries should be tested both experimentally and computationally. Additionally, large eddy
simulations (LES) could be conducted to further enhance knowledge of the flow physics at the
blade tips, which is where stall inception begins. Once accomplished, appropriate anti-stall technology, such as casing treatments, can be developed. Current casing treatments were not developed
with the mechanisms of stall inception in mind. As such, novel casing treatments that exploit the
mechanisms of stall inception have the potential to increase the stable operating range of the fan
above what is currently possible with current solutions.
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APPENDIX A.

A.1

NOZZLE DOMAIN SET-UP AND VALIDATION

Nozzle Set-Up
The nozzle used in the stall inception study was the same that was used by Orme [25].

Orme compared the simulation results using two different methods of controlling the fan operating
point: a fixed-back-pressure method and a variable-area-nozzle method. The fixed-back-pressure
domain ended about 0.85 stator chord behind the stator TE; the variable-area-nozzle started where
this domain ended. The nozzle converged from the casing as well as the hub. The hypotenuse
measured 11 inches long. The radii of the casing and hub at nozzle inlet were 8.5 in. and 5.79 in.,
respectively. The nozzle exit area was reduced by varying the angle at which the hub and casing
converged. The same angle was used for both hub and casing convergence.

A.2

Nozzle Validation
To validate the nozzle configuration, total pressure and static pressure contour plots were

created at multiple axial locations in the stator and nozzle regions. A 90° base total pressure (Pt )
distorted profile, shown in Fig. A.1, was applied at the inlet. The nozzle exit area was reduced to
achieve an operating point near the design point.
Figures A.2 - A.5 show both Pt and static pressure at stator outlet (immediately after the
stator blades), nozzle inlet, and nozzle exit axial location, and a meridional view. We desire to see
how the Pt and static pressure distributions change in the downstream direction. Ideally, the static
pressure should be constant for the entire annulus at the nozzle inlet and throughout the nozzle.
Figure A.2 shows Pt and static pressure at stator outlet. From mid-span to the casing, the
trailing edges of the stator blades are visible. There is significant variation in the Pt , especially
within the distorted sector. As well, there is a radial variation of static pressure, as is expected.
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Figure A.1: Inlet distortion profile used in the stall inception study.

Figure A.3 shows that at nozzle inlet (0.85 stator chord behind stator outlet) there still is
variation in Pt , however the static pressure is constant. This is the desired effect and indicates that
the nozzle is sufficiently downstream of the stator row.
Figure A.4 shows that at nozzle outlet the static pressure is near constant, though there are
very slight differences near the hub. The fact that the static pressure is near constant at this axial
location is important since the back pressure specified as constant (atmospheric pressure). Had the
static pressure varied, numerical instabilities would have ensued.
The meridional view of the stator and nozzle regions, shown in Fig. A.5, is helpful to see
the axial change in Pt and pressure. The Pt plot shows variation between the top and bottom of the
domain which is due to the presence of the Pt distorted sector. We likewise observe differences
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Figure A.2: Total pressure (left) and static pressure (right) at stator outlet (immediately behind the
stator blades. View is forward looking aft.

Figure A.3: Pt (left) and static pressure (right) at nozzle inlet. View is forward looking aft.
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Figure A.4: Pt (left) and static pressure (right) at nozzle outlet. View is forward looking aft.

between top and bottom in the static pressure plot, though these have disappeared by the nozzle
inlet, as was shown above. In the nozzle, we see a gradual change in static pressure. Since there is
no abrupt change in static pressure, we conclude that the nozzle is sufficiently long.
In conclusion, because the static pressure is constant (no radial variation) throughout the
entirety of the nozzle, we conclude that the nozzle begins sufficiently downstream of the stator and
is long enough. Therefore, the nozzle configuration is suitable to study stall inception.
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Figure A.5: Meridional view of Pt (left) and static pressure (right) through the stator and nozzle
regions.
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